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Abstract 
 
Growth in nanotechnology has been fuelled by miniaturization of electronic systems, 
development of biomedical sciences and interest in nanomaterials that exhibit 
interesting properties. Current techniques to fabricate small devices have difficulty in 
accessing the size range between 10-100 nm, and conjugation of biomolecules with 
inorganic nanoparticles (NPs) can potentially be used to bridge this gap. Biological 
functions of living cells operate in the nanoscale and there is great potential in using 
bionanotechnology to discover new biomedical applications in diagnostics, drug 
delivery and cancer therapy.  
 
In this thesis, N-fluorenylmethoxycarbonyl (Fmoc)-protected peptides are explored as 
tethers to self-assemble gold NPs. Assembly is characterized by transmission electron 
microscopy, UV-visible spectroscopy, Raman spectroscopy, zeta potential 
measurements, dynamic light scattering and a new technique, Nanoparticle Tracking 
Analysis system (NTA).  
 
Solutions of gold NPs exhibit unique colour changes depending on their aggregation 
state, and the use of peptide-functionalised NPs (peptide-NPs) in a novel approach of 
protease sensing is developed here. Detection of the protease, Thermolysin from 
Bacillus thermoproteolyticus Rokko was demonstrated, and design of peptide-NPs 
was further optimized for detection of two medically relevant proteases, non-binding-
to-alpha-chymotrypsin prostate specific antigen (nACT-PSA) and human neutrophil 
elastase (HNE). nACT-PSA and HNE are proteases related to prostate cancer and 
lung diseases respectively, and detection of PSA using the engineered peptide-NPs 
resulted in higher sensitivity than previously reported approaches. 
 
Surface enhanced Raman scattering was also used to monitor thermolysin action on 
peptide-NPs, in a novel approach which gave higher sensitivity than when using UV-
visible spectroscopy for detection. The quartz crystal microbalance was also applied 
in complementary measurements to elucidate enzyme action on the peptides. 
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The successful approach demonstrated here of using peptides to self-assemble gold 
NPs could pave new ways for the fabrication of small devices. Novel approaches of 
protease-sensing using peptide-NPs further illustrate potential of nanomaterials for 
new biomedical applications. 
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Chapter 1 Literature Review 
1.1 Introduction: What is Nanotechnology? 
There has been a huge explosion of interest in the field of nanoscience and 
nanotechnology over the last decade. In 2005, the government of the United States 
invested $3.7 billion in their nanotechnology research initiative [1], and the term 
“nanotechnology” is now widely cited in scientific research, and the media. A 
nanometre refers to a billionth of a metre (10-9 m), and nanoscience and 
nanotechnology can be broadly defined as a field that focuses on (i) the development 
of synthetic methods and surface analytical tools for building structures and materials 
in the sub-100 nanometre (nm) scale, (ii) the identification of the chemical and 
physical consequences of such miniaturization and (iii) the use of such properties in 
the development of novel and functional materials and devices [1].   
 
Nanoscience and nanotechnology is a highly inter-disciplinary field, where chemistry 
is used to understand the mechanism of self-assembling molecules, physics is used to 
explain the change of properties of matter with size in the nanoscale, biology is 
applied to utilise biomolecules which are nature’s nano-machines, and engineering is 
applied to put the understanding of nano-scale materials into useful devices. The most 
predominant sectors comprimising nanotechnology include nano-instruments, nano-
materials, nano-processes, nano-electronics mechanical systems (NEMs), bio-
nanotechnology, nano-chemicals, nano-devices [2]. 
 
The famous quote by Nobel laureate Richard Feynman in 1975, “There is plenty of 
room at the bottom” describes his vision for the potential of exploring science at the 
nanoscale, and indeed, nanotechnology has already found its way into numerous 
applications such as waterproof textiles, dirt-repellent coatings, miniaturised 
electronics, coatings for medical implants, medical diagnosis kits and cosmetics [3]. 
These applications exploit the unique characteristics of matter at the nanoscale, and 
commercial products based on this technology can already be seen. For example, 
wound-healing plasters containing bacteriocidal silver nanoparticles are now sold by 
Elastoplast®. 
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The functions of living cells take place at the nanoscale, and nanotechnology has 
conveniently placed itself in the life sciences to develop new methods for disease 
diagnostics, cell imaging and drug delivery [2]. Self-assembly refers to the 
spontaneous organization of molecules, and research in nanotechnology has also been 
driven by creation of new materials via the self-assembly of molecules. The work in 
this thesis falls under the umbrella of bio-nanotechnology, where the assembly of a 
peptide-inorganic nanomaterial is investigated. 
 
To better understand the context of this work, the review of literature shall focus on 
the properties of nanoparticles (NPs), the assembly of NPs with biomolecules, use of 
biomolecule-NP hybrid systems for bio-medical applications and characterization 
tools used at the nanoscale. 
1.2 Fabrication of nanomaterials using biomolecules and 
nanoparticles 
1.2.1 Limitation of current fabrication techniques 
The push for nanotechnology is partly driven by miniaturisation of electronic 
components, and it was predicted that the amount of space required to install a 
transistor on a chip would shrink on an exponential scale yearly (Moore’s Law) [2]. In 
2005, the size of transistor was approximately 75 nm and it is predicted that by 2012, 
that size will shrink to less than 50 nm [2]. As properties of nanostructures strongly 
depend on their size, the ability to manipulate structures at the nano-scale is thus 
crucial. Current engineering techniques used in fabricating small devices are divided 
into two approaches, namely the “top-down” approach and the “bottom-up” approach, 
however both have difficulty accessing the size range between 5-100 nm (Figure 1.1) 
[4]. Top-down processes such as photo-lithography and micro-contact printing can be 
thought of as miniaturization processes and approach a bottom limit of 200-100 nm. 
Bottom-up approaches such as organic synthesis can be thought of as enlargement 
strategies and can only produce structures in the range of about 2-5 nm. Biomolecules 
and NPs have typical same size scales in the range of 5-200 nm, and the conjugation 
of these two entities has been looked upon as a means to bridge the size gap. The 
conjugation of biomolecules with NPs exploits the self-assembling abilities of 
biomolecules that can serve as a driver for NP assembly or as a biotemplate to 
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organise NPs. NPs have interesting properties which can be exploited for many uses, 
and this is later discussed in section 1.3. 
Figure 1.1 Current techniques for the fabrication of small devices fall into either the “bottom-up” 
approach or the “top-down” approach. Both approaches have difficulty accessing the size gap between 
5 to 100 nm. Biomolecules and nanoparticles fall in the same size range making them suitable to bridge 
the gap. Figure redrawn from [4]. 
1.2.2 Self-assembly of biomolecules with nanoparticles 
Currently, most methods for the coupling of biomolecules to inorganic NPs fall into 
one of the three classes: (i) the use of a thiol-containing biomolecules to provide 
attachment to gold and silver NPs, (ii) the coupling of biomolecules through non-
covalent electrostatic interactions with NPs stabilized by anionic ligands, (iii) a two-
step approach where NPs are first decorated with either thiols, disulfides, phosphanes 
ligands, that contain terminal carboxy, amino or maleimide groups. The coupling of 
biomolecules is then achieved by means of carbodiimide-mediated esterification and 
amidation, or reaction with thiol groups [4]. 
 
Deoxyribonucleic acid (DNA) is the most widely reported biomolecule used in the 
assembly of nanomaterials and is chosen for its recognition capabilities, 
physicochemical stability, mechanical rigidity and the ease of synthesis by automated 
methods [5]. The use of DNA as an assembly director was demonstrated by Mucic et 
al., where an assembly of DNA-linked NPs was created by functionalizing 8 nm and 
31 nm gold NPs with two populations of DNA strands (3’HS(CH2)3O(O’)OPO-ATG-
ACC-TCT and 3’TAG-GAC-TTA-CGC-OP(O)O(CH2)6SH) respectively [6]. A linker 
DNA strand (5’TAC-GAG-TTG-AGA-ATC-CTG-AAT-GCG) was used to cross-link 
“ top - down ”
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# Micro - contact Printing
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the DNA-functionalised NPs by making use of the highly specific A·T and G·C 
Watson-Crick hydrogen bonding between DNA strands. It was reported that satellite 
structures consisting of single 31 nm NPs surrounded by many 8 nm NPs were 
formed. The use of DNA as a biotemplate to organise gold NPs was also explored by 
Warner and Hutchinson (Figure 1.2) [7]. They exploited the electrostatic interaction 
between the negatively charged phosphate backbone of DNA and gold NPs which 
were modified with a positively charged ligand shell. Linear assemblies up to 1 µm 
with well-separated inter-particle distances were seen using transmission electron 
microscopy (TEM), demonstrating robustness of the approach (Figure 1.2).  
 
Shenton et al. made use of the specific interaction between antibodies and hapten 
groups to assemble NPs by functionalising gold and silver NPs with immunoglobulins 
of class G and E (IgG and IgE, respectively). The immunoglobulins have a specificity 
for either a D-biotin or the dinitrophenyl (DNP) group, and addition of bivalent 
antigens with appropriate double-headed functionalities was able to cross-link the 
functionalised NPs through antibody-antigen interactions [8].  
1.2.2.1 The use of peptides in nanoparticle assembly 
and their self-assembling properties 
Peptides are interesting materials as tethers for assembling NPs, as the natural pool of 
20 amino acids have different physical properties (polar, non-polar, acid, basic and 
aromaticity), which can lead to peptides with unique properties that can respond to 
external stimuli. Stevens et al. reported a pH-switchable NP assembly by using the 
chemistry of coiled-coil peptides to assemble 8.5 nm gold NPs [9]. Acidic leucine 
zipper-like peptides consisting of six heptad repeats (a-b-c-d-e-f-g) were used, which 
can self-associate to form coiled-coils through hydrophobic packing at the interface 
between the peptides. The stability of coiled coils is also modulated by electrostatic 
interactions across the interface of adjacent helices, which were mainly from side 
chains of Glu residues. Such peptide-functionalised NPs were able to self-assemble in 
acidic conditions (pH 4.5) due to protonation of carboxylic acid groups in the side 
chains of Glu. At basic pH, repulsive forces between Glu residues result due to 
ionisation of the carboxylic acid groups which de-stabilise the peptides, and 
dispersion of the peptide-functionalised NPs were seen (Figure 1.2). 
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Figure 1.2 Examples of self-assembly of biomolecules with NPs. (A) Electrostatic assembly of 
cationic NPs onto the anionic backbone of DNA produces a wide range of structures including  closely 
spaced linear arrays, ribbons or bundles comprising multiple parallel chains, branched assemblies 
wherein a ribbon structure splits into narrower ribbon assemblies. Images taken from [7]. (B) The 
assembly of 8.5 nm gold NPs using an acidic leucine zipper-like peptide at pH 4.5, and dis-assembly at 
pH 11 (inset). Images taken from [9]. 
 
Aili et al. employed a similar approach where a 42 amino acid helix-loop-helix 
polypeptide was used to assemble 13 nm gold NPs. A Cys residue was incorporated in 
position 22 to allow for immobilization onto the gold surface. The polypeptide 
dimerizes in solution to form four-helix bundles and driving force for folding is the 
hydrophobic interactions between peptide core [10]. 
 
Although examples of peptide-driven NP assembly are not yet widely seen, the self-
assembling properties of peptides and the ease of incorporating other chemical groups 
have great potential for use in controlling spatial arrangement of NPs. For example, 
Stupp and co-workers employed a self-assembling peptide-alkyl complex to assemble 
3 nm gold NPs [11]. The approach firstly linked a hydrophilic tri-peptide with a long 
alkyl chain to make the complex amphiphilic. A second molecule containing a 
thymine moiety is mixed with the amphiphilic complex, which resulted in formation 
of self-assembled nano-fibres with the thymine moieties on the surface. 3 nm gold 
NPs decorated with diaminopyridine (DAP) was then used decorate the nanofibres, 
which was achieved through thymine-DAP base pairing. The NP arrays were found to 
extend up to a few microns in length and have inter-particle distance ≈ 1 nm, 
Linear arrays Ribbons and bundles Branches
A B
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demonstrating the success of the approach to produce well-defined two-dimensional 
structures. 
 
Other peptide self-assembled structures formed via π−π interactions have also been 
reported (discussed in chapter 3), which can be explored as a route to NP assembly. 
1.3 The role of nanoparticles in bionanotechnology 
Noble metal and semi-conductor NPs exhibit different properties from their bulk 
equivalent when their size reaches the sub-100 nm length scale. The resulting physical 
properties are neither those of bulk metal nor those of molecular compounds, and 
depend strongly the particle size, inter-particle distance, nature of the protecting shell 
and the shape of the NPs [12]. As the size of NPs approaches the same order as the 
wavelength of electrons, the NPs behave electronically as zero-dimensional quantum 
boxes (quantum size effect), and produce interesting electrical and optical properties 
[12].  
 
Because of the quantum size effect, unique electrical properties are seen only in NPs 
(<20 nm), where a gap exist between the valence band and the conduction band. The 
size-induced metal-insulator transitions result in single electron transitions and such 
effects are being targeted for applications such as transistors, switches and 
electrometers [12]. 
1.3.1 Surface plasmon resonance in nanoparticles 
Interesting optical properties as a consequence of the quantum size effect give rise to 
freely mobile electrons trapped in quantum boxes which show a characteristic 
collective oscillation frequency of the plasmon resonance, which is called the surface 
plasmon resonance (SPR) band [12-14]. For many metals such as lead, indium, 
mercury and tin, the frequency of SPR lies in the UV range, and does not display 
strong colours [15]. The susceptibility of these metals to oxidation also renders them 
difficult to work with. On the other hand, metals such as copper, silver and gold are 
noble and form air-stable colloids, and their SPR band occurs in the visible part of the 
electromagnetic spectrum [15]. The SPR properties of NPs is given by Mie theory 
which states that the total cross section composed of surface plasmon absorption and 
scattering is given by a summation over all electric and magnetic oscillations, and the 
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SPR frequency can be calculated by solving Maxwell’s equations for spherical 
particles with appropriate boundary conditions [14]. Mie theory attributes the plasmon 
band of spherical particles to the dipole oscillations of free electrons in the conduction 
band occupying the energy states immediately above the Fermi energy level, and both 
experimental and theoretical calculations have reported that the SPR band is strongly 
influenced by particle size, particle shape, presence of ligand shell, dielectric constant 
of the medium and particle distribution [12].  
 
The most intensively used numerical method to solve Maxwell’s equation is the 
discrete dipole approximation (DDA), in which the particle is divided into small 
elements interacting with each other through dipole-dipole interactions, and a global 
evaluation of absorption and scattering is performed [16]. Jain et al. performed 
calculations using Mie theory and DDA on 20, 40 and 80 nm gold NPs and found that 
the SPR wavelength maximum λmax shifted to shorter wavelengths with a decrease in 
particle diameter [17]. This phenomenon as explained by Liebsch is due to electrons 
spilling out of the cationic frame of NPs, which have a bigger relative weight than the 
centroid, which causes the SPR band to be less energetic [18].  
 
The influence of shape on the SPR band can be seen in non-spherical NPs such as 
nano-rods (NRs), which show two difference resonance modes (transverse and 
longitudinal SPR), as a function of their orientation with respect to the direction of 
incoming light (discussed in chapter 6). Furthermore, it was reported by Nikoobakht 
and El-Sayed that longitudinal λmax increases with the aspect ratio of the NRs [19]. 
Ligand shells used to stabilise NPs in solution also change the SPR band of NPs. For 
instance, Mulvaney reported that when 60 µM iodide ions are adsorbed on silver NPs, 
a shift in SPR λmax from 382 nm to 390 nm was seen [13]. Refractive index of the 
solvent has been shown to induce a shift in the SPR band, as predicted by Mie theory. 
This was proven experimentally by Underwood and Mulvaney who prepared 16 nm 
gold NPs, stabilised with a comb polymer (consisting of a backbone of methyl 
methacrylate and glycidyl methacrylate with pendant side chains of poly(12-
hydroxystearic acid)) and found that the colour of the NP solution varied from red to 
purple, depending on the refractive index of the solution (Figure 1.3) [20].  
28/206 
Figure 1.3 (A) The different colours displayed by 16 nm gold NPs when prepared in solutions of 
different refractive indices. Refractive indices of the solution at the absorption band maximum are 
1.336, 1.407, 1.481, 1.525 and 1.583 respectively. Image taken from [20]. (B) Graph showing 
dependence of surface plasmon resonance maximum wavelength (λmax) of 15 nm gold NPs 
encapsulated in silica. Inter-particle spacing of gold NPs is controlled by the thickness of silica shell. 
Image taken from [21]. 
 
It is also reported that when the spacing between NPs is reduced (<2.5 times the 
particle diameter), the SPR band shifts to higher wavelengths. Norman et al. 
compared the SPR band of dispersed gold NPs with NP aggregates using UV-visible 
spectroscopy, and found that dispersed gold NPs showed λmax at 520 nm, whereas NP 
aggregates showed λmax at 620 nm. Characterisation using small angle X-ray 
scattering (SAXS) showed that the radius of gyration for the dispersed gold NPs and 
NP aggregates were 4.7 nm and 8.5 nm respectively [22]. In another study, Ung et al. 
charaterised the SPR properties of NP films synthesized from 15 nm gold NPs 
encapsulated in silica, and controlled the spacing between particles by varying 
thickness of the silica shell. In line with observations of Norman et al, a blue-shift in 
λmax to longer wavelengths was seen with decreasing inter-particle spacing (Figure 1.3) 
[21].  
1.3.2 Synthesis and stabilization of gold nanoparticles 
As seen from section 1.3, the shape and size of NPs plays an important role in the 
properties of NPs, thus the methods to synthesize and stabilise NPs is of relevance. 
A B
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The focus of this thesis is on gold NPs, and the discussion here will be limited to the 
synthesis and characterisation of gold NPs.  
 
The most popular method for synthesizing gold NPs is the reduction of HAuCl4 by 
citrate, which was introduced by Turkevich in 1951. The approach gave gold NPs 
with diameters of approximately 20 nm and it was reported that temperature and 
amount of sodium citrate were factors that affect the distribution of gold NPs [9]. In 
1973, Frens reported the ability to produce gold NPs between 16 nm and 147 nm by 
varying the ratio of sodium citrate to gold [23]. These approaches resulted in gold 
NPs coated with citrate ions, which serve as a stabilising shell to prevent coagulation 
of NPs. Brust et al. later reported a method of gold NP synthesis which was able to 
produce NPs (between 1.5 and 5.2 nm) with the simultaneous attachment of self-
assembled thiol monolayers. In this approach, AuCl4- was transferred from water to 
toluene using tetraoctylammonium bromide as the phase-transfer reagent, and reduced 
by NaBH4 in the presence of dodecanethiol [24]. The Brust approach led to 
alkanethiol-capped NPs referred to as monolayer protected clusters (MPCs) that 
possess good stability, but are non-soluble in water which make them unsuitable for 
biomedical applications.  
 
Other strategies of stabilising NPs were then developed to produce water-soluble 
MPCs, for example the use of thiol ligands with hydrophilic end groups such as 
poly(ethylene glycol). For example, Kanaras et al. used thioalkylated oligo (ethylene 
glycol) ligand (HS-(CH2)11-(O-CH2CH2-)4-OH), as a stabilising shell and produced 
water-soluble MPCS of 2-4 nm and 5-8 nm [25]. The MPCs showed stability over a 
wide range of pH (0-14), remained soluble at salt concentration of 3.5 M NaCl and 
did not aggregate when placed in a solution of protein (bovine serum albumin). 
Although the approach produced water-soluble MPCs which are suitable for 
conditions in bioanalysis, extra steps are needed to add biofunctionality onto the 
surface of MPCs.  
 
The use of peptides as capping ligands for gold NPs was investigated by Lévy at el., 
where 19 different sequences of varying peptide lengths (two to five amino acids) 
were rationally designed and tested for their ability to stabilise 12.3 nm citrate-
stabilised gold NPs [26]. They found that the sequence Cys-Ala-Leu-Asp-Asp 
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(CALNN) provided good stabilisation for gold NPs by incorporating the following 
functionalities: (i) The thiol group in C was able to covalently attach the peptide to the 
gold surface, (ii) A and L contain hydrophobic side-chains which were able to 
promote self-assembly of the peptide, the position of L is chosen to accommodate its 
larger side-chain by taking into account the curvature of the particle, (iii) hydrophilic 
characteristics are imparted due to N and (iv) the negative charge in the terminal 
carboxylic group. The ability to use peptides to stabilise gold NPs could open up 
possibilities of providing stabilisation and functionalisation to NPs in a one-step 
reaction. However, the use of biomolecules to stabilise gold NPs is still relatively 
unexplored in the literature. This may be due to the dominance of other well-
established chemical methods which can be cheaper and more time effective.  
1.3.3 Biomedical and bioanalytical applications of 
nanoparticles 
Taking advantage of the strategies to couple biomolecules to inorganic NPs (section 
1.2.2), many interesting properties of NPs have been exploited for biological 
applications. The use of gold NPs over other noble metal NPs in biological 
applications is most widely reported, due to the plethora of well-established chemistry 
available for attaching biomolecules on gold surfaces. 
1.3.3.1 The use of surface plasmon resonance in 
biosensing 
As mentioned in section 1.3, the optical properties of metallic NPs in solution can 
change depending on the inter-particle distance. Aggregated gold NPs in solution 
produce a blue colour while dispersed gold NPs produce a red colour solution, and 
researchers have used biomolecule-functionalised NPs to create colorimetric sensors. 
For example, Mirkin and co-workers employed 13 nm gold NPs functionalised with 
polynucleotides to selectively detect DNA [27]. As shown in Figure 1.4, two oligomer 
sequences were used as probes, and each probe was coupled to 13 nm gold NPs. The 
sequences were selected such that on detecting the target DNA, the recognition of 
both probes could align contiguously on the target. Detection of the target led to 
hybridization of the oligonucleotides and subsequently the aggregation of gold NPs, 
which gave a red-to-blue colour change.  The novelty of the approach stems from its 
fundamental difference from previously reported sensor systems, where the 
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fluorescence or luminescence of reporter groups is monitored [28]. However the 
approach suffers from requiring a long time (overnight) to produce the colour change 
at room temperature, whereas previously reported fluorescence-based methods can 
produce a reading within 15 minutes [28]. 
 
Guarise et al. made use of enzyme-cleavable peptides that were modified at both 
termini with acylated Cys residues, to detect the enzymes thrombin and the lethal 
factor of Bacillus anthracis [29]. The SH groups in the Cys termini are able to 
crosslink gold NPs, which gives a blue colour solution. When these peptides were 
exposed to the target protease, the Cys termini were separated and upon addition of 
NPs, a red shift in visible spectrum could be observed, indicating dispersed NPs. As 
discussed in chapter 4, this approach does not lend itself to real-time monitoring. 
 
 
Figure 1.4 (A) The detection of DNA using oligo-nucleotide functionalised gold NPs. Two probes (a 
and b), each coupled to 13 nm gold NPs are used to recognise the target DNA, a’b’. In the absence of 
target DNA, the gold NPs functionalised with probes produce a red colour solution. Upon hybridization, 
the recognition segments on probes a and b align with target a’b’, which lead to an aggregated NP 
assembly and give a blue colour solution. Image redrawn from [27]. (B) Schematic representation 
showing the design of plasmon rulers. First, a neutravidin-coated NP is tethered to the immobilised on 
a BSA-biotin functionalized surface. A second antidigoxigenin coated NP is tethered to the 
immobilized NP using double-stranded DNA that is labelled with both biotin and digoxigenin. The 
surface plasmon of the coupled NPs is measured to determine the inter-particle spacing. Image taken 
from [30]. 
 
Reinhard et al. created a molecular ruler to measure distances between two gold NPs 
by making use of the plasmon coupling of the NPs [30]. As shown in Figure 1.4. a 
neutravidin-coated NP is immobilised on a BSA-biotin functionalized surface. The 
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second NP is coated with antidigoxigenin, and coupling between the two NPs is 
achieved using double-stranded DNA that can interact with both neutravidin and 
antidigoxigenin. A range of inter-particle separations is obtained by using DNA 
spacers with different number of basepairs. The surface plasmon peak of the coupled 
NPs was monitored and a calibration curve for the range of inter-particle spacing 
tested. Distances between 1 to 80 nm were measured with a time resolution of <50 ms, 
giving great potential of this approach in detection of DNA strands. However, the 
approach requires complex conjugation chemistry and thorough understanding of 
factors influencing the surface plasmon peak such as particle heterogeneity is needed 
to provide accurate measurements. 
1.3.3.2 Quantum dots for imaging, labelling and sensing 
Quantum dots (QDs) are a special class of NPs where the wavelengths of electrons are 
smaller than the Bohr radius. QDs have typical diameters between 3 and 12 nm, and 
are generally composed of atoms from group II and VI e.g. CdSe, CdS, CdTe as their 
core, and a shell, usually ZnS or CdS to prevent the quenching of excitons in the core 
[31]. Previously, the use of QDs in biological applications have been limited by their 
insolubility in aqueous environments, however this has been overcome through a wide 
range of surface-capping strategies [32]. The use of QDs is widely reported in cellular 
imaging, due to their better suitability compared to traditionally used dyes. Compared 
to traditionally used organic dyes and fluorophores, QDs show broader absorption 
with narrower emission profiles, exhibit high quantum yield, and are more resistant to 
photo-bleaching [32]. QDs also exhibit the unique property that the fluorescent 
emission can be changed by varying the core size, hence a single wavelength can be 
used to excite a mixed population of QDs. 
 
Jaiswal et al. employed CdSe/ZnS to specifically label and image live mammalian 
(HeLa) cells and Dictyostelium discoidum (AX2) cells [33]. Electrostatic self-
assembly was used to conjugate the negatively charged QDs with dihydrolipoic acid 
(DHLA) ligands and then to positively charged antibodies. In their work, QDs were 
conjugated to an antibody (clone 4E3) that is specific for the extracellular epitope of 
the multidrug transporter P-glycoprotein (Pgp). It is reported that QD bioconjugates 
were able to specifically label HeLa cells that were transiently transfected with a 
plasmid encoding Pgp. To demonstrate the ability to use QDs for tracking multiple 
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cells, different QDs were also used to label AX2 amoebae cells that had been starved 
for different periods of time (non-starved, 3 h, 6 h). Jaiswal et al reported that they 
were able to track the different population of cells (from the different colours emitted 
by QDs) and were able to study the cells over the entire development period (14 h). 
Their research was groundbreaking for live-cell imaging as previously used 
fluorescent labels suffered from photo-bleaching, which limits their use for long 
periods. 
 
Förster resonance energy transfer (FRET) is a phenomenon that is sensitive to 
molecular rearrangements. In FRET, a donor chromophore in its excited state 
transfers the excess energy by a non-radiative, to an acceptor chromophore in close 
proximity (typically <10nm). FRET has been used to monitor intracellular 
interactions and binding events [34]. It has been reported that using QDs as FRET 
donors substantially improved FRET efficiency as several acceptor molecules can 
interact with a single QD donor. Kim et al. developed a multiplexed assay of 
metalloproteinases (MMPs) by measuring the energy transfer between QDs and gold 
NPs (Figure 1.5) [35]. The assay uses a biotinylated peptide substrate for the target 
protease (MMP-7), and the peptide is conjugated to a monomalemide-functionalised 
gold NP. The resulting peptide-functionalised gold NP is coupled to streptavidin-
bound QDs, which quenches the photo-luminescence of QDs. Addition of MMP-7 
resulted in cleavage of the peptide substrate, which releases the gold NPs from the 
QDs, and photo-luminescence of QDs was recovered. When the protease inhibitor is 
present, protease activity is suppressed and no photo-luminescence of QDs is seen. 
MMP-7 concentrations from 10 ng/mL to 5 µg/mL were measured, which was an 
order of magnitude higher than conventional QD-dye system to assay MMP-7. This 
approach exploits the high affinity between biotin and streptavidin, and the peptide 
sequence can be modified to detect other sequences. Their results however do not 
entail thorough discussion of the distribution of gold NPs-QDs conjugates, for 
example whether the gold NPs undergo self-aggregation. Since the optical properties 
generate the signal read-out, careful control over the distribution of gold NPs-QDs 
conjugates is needed for accurate measurements. 
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Figure 1.5 Schematic showing the approach of using peptide-functionalised QDs for protease detection.  
(A) The peptide substrate was modified with biotin at one end, and cysteine residue at the other end. 
The peptide was coupled to gold NPs via a monomaleimide group on the gold NP. (B) The peptides are 
coupled to streptavidin-coated QDs, which are immobilised on a glass substrate. Introduction of 
protease releases the peptide-functionalised gold NPs from QDs, thus de-quenching the QDs and 
photo-luminescence of QDs is measured. When the protease inhibitor is present, activity of the protease 
is suppressed and no photo-luminescence was measured. Image taken from [35]. 
1.3.3.3 Photo-thermal properties of nanoparticles 
The high surface-to-volume ratio of NPs makes them powerful as a source to dissipate 
energy rapidly, and have been targeted for use in photothermal treatments of tumours 
and cancerous cells [36, 37]. The goal of such thermal therapy is to deliver a lethal 
dose of heat to the affected area, whilst causing little damage to the surrounding tissue. 
Kogan et al. employed 10 nm peptide-functionalised gold NPs which were able to 
selectively bind to Aβ1−42 aggregates. Aβ1−42 aggregates are proteins involved in 
Alzheimer’s disease, the self-assembly of which has been reported to cause the 
disease. The incubation of the NPs with Aβ1−42 for 7 days resulted in aggregation of 
the NPs, which was dispersed by the application of 12 GHz microwaves at 100 mW. 
The dispersion of NPs was due to the power dissipated by one NP (10-14 J/s) being 
higher than that of amyloid binding energy per bond (10-20 J/s) [36]. 
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Metallic nanoshells are a unique class of NPs that have been used in thermal 
therapeutics. Metal nanoshells consist of a spherical dielectric core NP such as silica, 
which is surrounded by a thin metal shell such as gold. The suitability for these 
nanoshells for thermal therapy is a result of the ability to tune the SPR and resultant 
optical absorbance by controlling the relative thickness of the core and shell layers. 
Nanoshells have been designed to display SPR in the near infrared (NIR) region, 
where optical absorption in tissue is minimal and penetration is optimal [37]. 
 
Hirsch et al. reported the success of using gold-silica nanoshell (110 ± 10 nm silica 
core, 10 nm gold shell) to treat human breast carcinoma cells in vitro and tumors in 
mice [37]. The nanoshells were modified with polyethylene glycol on the surface, and 
showed a peak absorbance at 820 nm, which matched the emission wavelength of the 
diode laser used. For in vivo studies, the nanoshells were injected interstitially (≈5 
mm) into the tumor volume. Results for both in vitro and in vivo studies showed 
exposing cells to either nanoshells or NIR light did not compromise cell viability. 
However, when both NIR light and nanoshells were used, temperatures were raised 
sufficiently high as to cause irreversible tissue damage. Furthermore, it was reported 
that the photothermal destruction was limited to the laser spot size, demonstrating the 
potential for highly localised treatment using this approach. There are however other 
concerns to be addressed, such as the elimination of nanoshells from the body.  
1.3.3.4 Use of nanoparticles in Raman spectroscopy 
The enhanced Raman scattering properties of NPs make them suitable for observing 
surface-enhanced Raman scattering (SERS), which can be used to probe useful 
biological information. El-Sayed and co-workers employed peptide-conjugated gold 
NRs (Pep-NRs) for nuclear targeting in cells, and relied on SERS of Pep-NRs to 
observe the difference in normal epithelial cells (human keratinocytes) and cancer 
cells (human oral squamous cell carcinoma) [38]. Gold NRs as a SERS substrate are 
known to give enhancement of 104-105, which is particularly useful since biological 
species are known to have small Raman scattering. Pep-NRs were prepared by 
conjugating NRs to a simian virus (SV40) NLS peptide through a thioalkyl-triazole 
linker. The peptide was used to enhance cellular uptake of Pep-NRs and it was 
reported that NRs were more concentrated in the nucleus of cancer cells which may 
be due to decreased regulation of cytoplasmic components. As biological species can 
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be damaged when UV or visible laser excitation is used, the use of spherical gold NPs 
as SERS substrates are not suitable as they show SPR in the UV/visible range. Gold 
NRs, on the other hand, can be designed to show SPR in the NIR region.  
 
There are also numerous reports of gold and silver NPs as SERS substrates to monitor 
biological events, some of which are discussed in Chapter 6. 
1.4 The role of proteases in diagnostics and for creating smart 
nano-materials 
1.4.1 Proteases as a tool for disease diagnostics 
In section 1.3.3.1, the use of biomolecules such as proteases and DNA to trigger 
assembly/dis-assembly of NPs for biosensing purposes was discussed. DNA contains 
useful biological information, and can be used as a diagnostic tool. Numerous 
biological processes are regulated by proteases, such as in the regulating blood 
coagulation and fibrinolysis which are required for wound healing [39]. Proteases are 
also essential to bacterial, viral and parasitic pathogens where they can play a key role 
in replication, nutrition and host invasion. Proteases are grouped into five families 
namely serine, cysteine, metallo-, aspartic and threonine proteases, according to the 
nature of their catalytic sites. Several proteases are also involved in disease states, 
such as HIV, Alzheimer’s disease, Hepatitis C, Candida infections and pancreatitis 
[39]. The role of prostate specific antigen (PSA) and human neutrophil elastase (HNE) 
in prostate cancer and lung diseases is reviewed in chapter 6. Hence, materials that are 
triggered by these enzymes and allow for the accurate detection and quantification of 
enzymes directly in biological fluids are of great benefit to medicine. Several 
protease-responsive NP assemblies have been reported, which are reviewed in chapter 
4.1.1. The approach of detecting proteases in these NP assemblies differs from 
routinely used assays for proteases, which will be reviewed in section 1.4.1.1. 
1.4.1.1 Assays for proteases 
Enzyme detection techniques are mostly based on enzyme-linked immunological 
assays (ELISA), where specific antibody binding to a target analyte is amplified by a 
secondary colorimetric enzyme reaction [40, 41]. The direct measurement of 
radioactively labelled antibodies has also been reported, for example in the 
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measurement of insulin in human plasma, but is now less popular due to safety 
concerns [40]. Fluorophores are the most commonly used labels [41], and the 
sensitivity of ELISA is principally governed by the colorimetric response of the label. 
It is reported that sensitivity of ELISA using conventional flurophores has been 
compromised due to (i) background signals from fluorescence of biological samples 
such as proteins, and (ii) scattering effects which cause excitation radiation reaching 
the detector [42]. Fluorescent chelates of europium, terbium and samarium have been 
used as alternative fluorophores and a 103 fold increase in sensitivity has been 
reported.  
 
A typical layout of an ELISA sandwich assay is shown in Figure 1.6. Capture 
antibodies are immobilised on a solid support, which specifically recognise epitopes 
on the target molecules. After the solution of target molecules is added, secondary 
antibodies which are linked to labels such as europium chelate are then added. An 
energy transfer from the ligand to the label occurs, and a fluorescent signal is 
generated. In some cases, the high affinity between biotin-streptavidin is used to help 
amplify the signal. For example, biotin is introduced into the capture antibodies and 
streptavidin labelled with reporter molecules are later added. Soukka et al. reported 
that europium(III) chelated dyed polystyrene NPs gave better sensitivity than 
europium(III) chelated labelled antibodies, due to the higher density of binding sites 
on the NPs [43]. The photo-stability of fluorophores remains a concern, although the 
main drawbacks of ELISA lie in the need of producing high-quality antibodies as well 
as multiple washing steps. 
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Figure 1.6 Schematic diagram of an ELISA sandwich assay. A capture antibody is immobilised on a 
solid support to recognise the target antigen. A secondary antibody, linked to fluorescent or radioactive 
labels is then added to amplify the detection of target molecules. Redrawn from [42]. 
 
Multiplexed detection of proteins, i.e. detecting different analytes at the same time 
using ELISA also faces limitations due to overlapping spectral features of fluorescent 
labels and the need for multiple laser excitation sources, and complex instrumentation 
for assay readout [44]. Mirkin and co-workers developed an NP-based immunoassay 
which demonstrated multiplexed detection of prostate specific antigen (PSA), human 
chorionic gonadotropin (HCG) and α-fetoprotein (AFP) [44]. The approach uses three 
30 nm gold NPs, each functionalised with a capture antibody and polynucleotides 
(different reporting molecules for each target) which are later used to generate a 
signal. Target antigens are captured in solution by magnetic microparticles that are 
functionalised with a monoclonal antibody specific for an epitope of the target antigen, 
which is different from that recognised by the gold NPs. The target-magnetic 
microparticle complex is then recognized by the gold NPs through antibody binding 
to the target. The complexes are isolated with a magnetic field, and the 
polynucleotides are released from the gold NPs by the addition of dithiothreitol (DTT). 
The polynucleotides are then analyzed for the respective reporter molecules. Although 
low-femtomolar concentrations were reported, the complexity of this approach 
requires specialised conjugation chemistry, and could limit its widespread use. 
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Ghadiali and Stevens drew a comparison between radioisotope-, fluorometric-based 
immunoassays with NP-based assays (Table 1.1), and it can be seen that while 
traditional assays benefits from having commercially available substrates, and the 
ability to use substrate without addition preparative steps, NP-based assays offer 
advantage in terms of  more simple detection, and the possibility for homogeneous, 
one-step reactions [45]. 
 
Radioisotope and fluorometric Assays Nanoparticle (NP)-based Assays 
Labelled substrate analogues can be costly NPs are synthetically accessible using routine 
methods 
Substrates are commercially available Many NP derivatives are commercially available 
at reasonable cost 
Substrate can be added to enzyme reaction 
medium without any additional preparative steps. 
NP-substrate conjugates must be prepared 
Decay of substrate and photochemical stability 
can limit shelf-life and necessitates careful 
handling. 
NPs are often chemically robust. Colloidal 
stability is important factor with respect to shelf-
life and compatibility with enzyme reaction 
media. 
Requires scintillation counting, autoradiography, 
or fluorometric detection equipment. 
Fluorometric, SERS, relaxivity, absorbance or 
visual detection. 
Multiple step procedures are often required Possibility for homogeneous, one-step reactions. 
 
Table 1.1 Comparison of radioisotope-, fluorometric-based immunoassays with NP-based assays for 
protein detection. Taken from Ghadiali and Stevens [45]. 
1.4.2 Proteases as a tool for engineering nanomaterials 
Proteases are also suitable candidates as biomolecules in the development of bottom-
up strategies for the fabrication of small devices for several reasons: (i) As enzymes, 
they are nature’s nano-machines and are uniquely chemo-, regio- and enantio-
selective [46]; (ii) enzymes work under mild conditions (aqueous, pH 5-8) [46]; (iii) 
many enzymes catalyse reactions near surfaces in vivo and are therefore well 
equipped to catalyse reactions at interfaces [47]; (iv) enzyme reactions are also 
reversible under appropriate conditions and it is thought that the favoured direction 
can be tuned at surfaces [48].  
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It has been reported that proteases can be tuned to reversed hydrolysis (i.e. synthesis 
of amide bonds) under appropriate thermodynamic conditions. By using conditions 
such as high substrate concentrations, proteases can synthesize rather than hydrolyse 
amide bonds [48]. Ulijn and co-workers reported the use of thermolysin from 
Thermoproteolyticus rokko to selectively synthesise amide bonds to form hydrogels 
from N-(fluorenylmethoxycarbonyl) Fmoc-protected peptides. The dipeptide Phe-Phe 
was mixed with a library of Fmoc-amino acids with a range of hydrophobicities, and 
it was found that hydrogels were only formed when hydrophobic N-Fmoc-amino 
acids and thermolysin were present. As thermolysin has a preference for hydrophobic 
residues in the amine side of the peptide bond, reversed hydrolysis took place when 
this criteria was met, and the Fmoc group of the tripeptide was able to self-assemble 
into nano-fibres (10-20 nm) to form a hydrogel [48]. 
 
The ability to use proteases to trigger self-assembly of structures could be of great 
value to biomedical applications such as in treatment of chronic wound healing, 
where excessive proteases from the extra-cellular matrix are secreted, or as a scaffold 
for cell culture. The use of proteases to create nanostructures is less widely reported in 
the literature, and it can be envisioned that the approach can be used to create 
structures with different properties by changing nature of the building blocks. 
1.5 Other examples of bionanotechnology 
1.5.1 Drug delivery 
The biological functions of living cells such as transportation of small molecules 
across cell membranes work at the nanoscale and there is active research in using 
nanotechnology for drug delivery. Furthermore, it has been reported that attachment 
of low molecular weight (MW) drugs to a high MW polymeric backbone can help in 
drug delivery by increasing circulation time. Dendrimers are promising candidates for 
use as drug delivery vectors due to having well-established chemistry and a well-
defined architecture, with the possibility of tailored surface functional groups. For 
example, Gilies and Fréchet designed a ‘bow-tie’ system based on 2,2-
bis(hydroxymethyl)propionic acid which consisted of two covalently linked polyester 
dendrons. One dendron was designed to carry multiple water-soluble poly(ethylene 
oxide) (PEO) chains, while the other has hydroxyl functional handles for attachment 
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of a drug such as doxorubicin. It was reported that by varying the number of 
generations, the structure of the dendrimers and drug loading can be adjusted. The 
ability to control the molecular weight of macromolecules is important as it is a 
critical factor in determining the retention time of macromolecules in the body [49].  
1.5.2 Sensing technologies 
1.5.2.1 Microarrays 
Self-assembled molecules has been used to develop microarrays, which can be used 
for disease diagnosis, genomic research and drug research [50, 51]. The aim is to 
produce “laboratories-on-a-chip” which can contain many channels, each capable of 
screening an individual molecule.  
 
Mckendry et al. used self-assembled thiolated DNA on gold-coated silicon cantilevers 
to detect multiple DNA molecules by measuring the deflection of the cantilevers [50]. 
Gold-coated silicon cantilevers were immobilised with thiolated DNA, and a 
downward deflection is registered when complementary DNA strands are introduced 
into solution. The approach thus allowed simultaneous detection of different target 
DNA strands. The measured deflection is due to the hydridization reaction which 
produces a difference in surface stress between the gold side of the cantilever and the 
lower silicon surface. By comparing the signals to that of reference cantilevers, highly 
specific DNA detection was reported where duplexes were formed only when 
complementary DNA was introduced. Less hybridization was also measured when a 
target with a 5’-overhang extension was present. Unlike other microassays such as 
ELISA, this approach benefits from using a label-free method which saves time and is 
more cost-effective. 
1.5.2.2 Surface plasmon resonance of thin metallic films 
The SPR properties of thin metallic films have also been used to study the interactions 
between biomolecules, by measuring the change in optical properties prior to and 
after detection of the analytes. Dong et al. employed SPR imaging to screen four 
immunoglobulin G (IgG) antibodies against human IgG, by measuring the change in 
reflectivity of gold films which was immobilised with antibodies [51]. Microarrays 
were fabricated with poly(dimethylsiloxane) (PDMS) chips on gold coated substrates, 
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which were first treated with 11-mercaptoundecanoic acid (MUA). NHS-activated 
MUA surface was then used to immobilise biotinylated bovine serum albumin (biotin 
BSA), followed by addition of avidin and the respective capture antibodies. As the 
reflectivity change of the gold film is proportional to the amount of molecules 
adsorbed on the surface, the binding affinity of the antibodies with IgG antigen could 
be quantified by employing langmuir isotherms. As with most other approaches 
studying protein interactions, non-specific adsorption was found to be an issue. When 
human serum was used, it was reported that 0.05 % (v/v) Tween 20 was needed to 
suppress the background signals. 
1.5.2.3 Carbon nano-tubes in electronic devices 
Carbon nano-tubes (CNTs) have been looked upon as a possibility to develop new 
nano-electric sensors due to their unique electrical properties. Specifically, the 
electrical conductance of CNTs is highly sensitive to their environment and can vary 
significantly with adsorption of molecules [52]. For example, Chen et al. reported a 
decrease in conductance of single-walled CNTs (SWNTs) after exposure to 
streptavidin (100 pM to 10 nM) due to non-specific adsorption of the protein [52]. 
 
Furthermore, SWNTs can be either metallic or semiconducting depending on their 
chirality, and semiconducting CNTs exhibit a large conductance change in response to 
the electrostatic and chemical gating effects which are desired for field-effect 
transistors (FETs) [52]. Chen et al. employed SWCNTs which highly expressed 
semiconducting FET characteristics, and constructed an electronic device by 
depositing SWCNTs between two metal electrodes [52]. It was reported that the 
conductance can be sensitively gated by voltages applied through a Pt gate between 
the electrodes in a buffered solution. By employing Tween-coated SWCNTs to 
prevent non-specific protein adsorption, and immobilising an antigen (U1A) on the 
CNTs, they reported specific detection of an antibody (10E3) at concentrations ≤ 1 
nM and were able to monitor the binding electronically. The results demonstrated the 
potential of CNTs as electrical biosensors and benefits from no requirement for 
labelling of molecules, and that non-specific adsorption of proteins can be 
appropriately dealt with. Conjugation methods for attaching molecules for sensing 
applications however remain a challenge due to the hydrophobicity of CNTs. 
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1.6 Characterization techniques for the nanoscale 
The small size of nanostructures has meant that special techniques are required for 
their characterisation. Scanning probe microscopy (SPM) is an example of such 
technique. SPM uses a tip (probe), which is brought close to the sample (several 
nanometers), so that properties such as topography and electrical conductance can be 
measured. 
 
Scanning tunnelling microscopy (STM) belongs to the family of SPM, and is used to 
measure the amount of electrical current flowing between a scanning tip and a surface 
[53]. Blum et al. fabricated a three-dimensional network gold NPs on a virus scaffold 
by genetically engineering two mutants of the cowpea mosaic virus (CPMW) scaffold. 
2 nm and 5 nm gold NPs were used to decorate the two different mutants of CPMW, 
which gave nanostructures containing gold NPs with different inter-particle spacing 
[54]. STM measurements showed that when the gold NP-virus network was exposed 
to molecules with the right length to connect the gold NPs so that a conductive 
network is formed, a positive correlation between current and voltage was seen. STM 
was also used to image the virus-NP hybrid, which was found to be 35 nm in diameter, 
and in good agreement with the virus’ dimensions of 30 nm. For the development of 
molecular electronics, it is expected that STM would play an important role. The 
drawbacks of STM however lie in its high cost and its requirement for ultra high 
vacuum. 
 
Atomic force microscopy (AFM) also belongs to the SPM family, and is widely used 
to image the topography of nanostructures. In AFM, a probe is used to scan the 
sample’s surface, and when the probe is in close proximity to the surface, interaction 
forces cause deflection of the cantilever. The deflection is measured using a laser spot 
reflected from the top of the cantilever into an array of photodiodes. AFM can be 
operated in the contact mode, where static tip deflection is used as a feedback signal. 
In tapping mode, the cantilever is oscillated near its resonant frequency and change in 
the amplitude of the vibrating cantilever is related to the attractive van der Waals 
forces acting between the tip and surface [53].  
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Grabar et al. employed contact mode AFM and tapping mode AFM to measure gold 
NPs that were deposited on silanized glass sides, and reported that while contact mode 
AFM gave good correlation with TEM results, high mechanical forces resulted in 
instability of the NP film [55]. The ability to accurately reflect the topography of NPs 
was reported to be a main problem with tapping mode AFM, due to convolution of the 
finite tip size. For biological and ‘soft’ structures, tapping mode is commonly used. 
As the contrast mechanism in AFM is based solely on topography, a priori knowledge 
might be needed in some case to differentiate artefacts. 
 
The above techniques are employed for characterization of planar surfaces. For the 
characterization of NPs and self-assembled monolayers on NPs, techniques such as 
nuclear magnetic resonance (NMR), small angle X-ray scattering (SAXS), dynamic 
light scattering (DLS) and transmission electron microscopy (TEM) are commonly 
used. The principles of these techniques are discussed in chapter 2, and their use in 
the characterization of peptide-functionalised NPs for this work is discussed in 
chapter 3. 
1.7 Summary of literature review 
Nanotechnology exploits the interesting quantum properties of matter that occur at the 
nanoscale, and the role of nanotechnology in creating new materials and in 
biomedical applications is becoming increasingly important. Active research into the 
creation of nanostructures via the self-assembly of biomolecules with inorganic NPs 
has been seen in the past decade, and interesting applications are starting to emerge. 
As these applications result from a cross-marriage between many scientific disciplines, 
nanotechnology could bring about a new revolution in the scientific frontier. 
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1.8 Scope of the thesis 
1.8.1 Peptide-driven NP assembly 
The assembly of biomolecules with inorganic NPs has been widely reported (section 
1.2). The assembled nanostructures exhibit quantized properties which can be 
exploited for bio-sensing (section 1.3.3.1). The use of peptides as an assembly 
director however remains a relatively unexplored area, compared to that of DNA-
directed NP assemblies [6, 7, 27]. Fmoc-protected peptides have been reported to 
undergo self-assembly to form nanostructures [48, 56, 57], but their conjugation with 
NPs has not been reported. In addition, the in-situ characterisation of NP assembly 
formation with visualization abilities has not been reported. 
 
In chapter 3, the use of Fmoc-protected peptides to assemble gold NPs (10 nm, 20 nm, 
40 nm) is investigated and characterisation is performed using with a wide range of 
techniques (TEM, DLS, UV-visible spectroscopy, zeta potential, FTIR and Raman 
spectroscopy). In addition, a new NP analysis technique, called Nanoparticle Tracking 
Analysis system (NTA), is used to characterise NP assembly formation in-situ. 
1.8.2 Design and characterisation of peptide-functionalised 
gold nanoparticles for protease sensing 
The use of peptide-functionalised NPs (peptide-NPs) for detection of proteases has 
been reported in several instances [29, 58, 59]. These approaches make use of 
proteases to trigger a change in aggregation states of NPs, to generate either a 
colorimetric [29] or magnetic relaxivity [58, 59] readout. Drawbacks of these methods 
include their non-suitability for real-time monitoring of enzyme action, and that two 
or more separate population of NPs are required. 
 
In chapter 4, proof-of-concept demonstration of the creation of a colorimetric NP 
sensor is investigated using Fmoc-protected peptide-NPs to detect a protease, 
thermolysin from Bacillus Thermoproteolyticus Rokko. The design of the peptide-NPs 
follows from the results presented in chapter 3. Real-time monitoring of protease 
action is investigated using UV-visible spectroscopy. TEM and HPLC are used to 
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characterise NPs and cleavage products respectively. The sensitivity and specificity of 
the system is investigated. 
1.8.3 Optimisation of peptide-functionalised gold 
nanoparticles for protease sensing of medically relevant 
enzymes 
As mentioned in section 1.4.1, proteases play an important role in the diagnosis of 
diseases. In chapter 5, modification of the peptide-NPs to sense two medically 
relevant proteases, non-alpha-chymotrypsin binding prostate specific antigen (nACT-
PSA) and human neutrophil elastase (HNE) is investigated. Optimisation of the length 
of peptide tethers is first investigated for the detection of nACT-PSA, and the 
optimised peptide design is then used to detect HNE. 
 
Quartz micro-balance (QCM) is a sensitive mass detection technique that can detect 
the deposition/removal of nanograms of material [60]. The use of QCM to detect 
nACT-PSA is also investigated by using a gold-coated quartz crystal functionalized 
with enzyme responsive peptides.  
1.8.4 Monitoring of protease activity on peptide-
functionalised gold nanoparticles using surface-enhanced 
Raman scattering 
Raman spectroscopy has been used widely in chemical and biological analysis as 
target molecules have characteristic features which can be used for identification. It is 
known that metallic substrates can give an enhancement in Raman signals of up to a 
factor of 106, and the surface-enhanced Raman scattering (SERS) of molecules 
depends on the aggregation state of the substrates [61]. 
 
In chapter 6, peptides are used to assemble different metal substrates and the peptide-
metal hybrids are tested for their ability to produce a good SERS signal. The metal 
substrates that are used are gold NPs (10 nm, 20 nm, 40 nm), 40 nm silver NPs and 
gold nano-rods (15 nm x 50 nm). The most suited peptide-metal hybrid is then used 
for the detection of the protease thermolysin, from Bacillus Thermoproteolyticus 
Rokko. 
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Chapter 2 Instrumental Methods 
2.1 Peptide synthesis and characterization techniques 
2.1.1 Solid phase peptide synthesis 
In solid phase peptide synthesis (SPSS), the peptide is synthesized on an insoluble 
polymeric support [62]. As illustrated in Figure 2.1, the first amino acid on the C-
terminal of the target peptide is attached to the insoluble support via its carboxyl 
group as shown in step 1. Functional groups that are present in the side chains of 
amino acid residues are masked with permanent protecting groups, which are not 
affected by the reaction conditions that occur during peptide chain assembly. These 
side-chain protecting groups are represented by “Y” in Figure 2.1. For example, a 
trityl protecting group is used to mask SH in the side chain of Cys. In Fmoc chemistry, 
fluorenyl-9-methoxycarbonyl (Fmoc) is used as the temporary protecting group, “X” 
to mask the α-amino group of amino acids during the initial resin loading. In step 2, 
deprotection of the α-amino group is carried out by addition of piperidine, which is 
followed by the introduction of an excess of the second amino acid in step 3. The 
carboxy group of the second amino acid is activated for amide bond formation 
through generation of an activated ester or by reaction with a coupling reagent. After 
coupling, excess reagents are removed by washing and the protecting group removed 
from the N-terminus of the dipeptide, prior to addition of the third amino acid residue. 
This process is repeated until the desired peptide sequence is assembled. In the final 
step, the peptide is released from the support and the side-chain protecting groups 
removed, as shown in step 4. Generally, side-chain protecting groups and resin 
linkage are chosen such that protecting groups are removed and the assembled peptide 
released under the same conditions [62]. 
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Figure 2.1 The solid phase peptide synthesis (SPPS) principle. Redrawn from [62]. 
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2.1.2 High performance liquid chromatography 
High performance liquid chromatography (HPLC) is a chromatography technique 
which is used to separate compounds in a mixture [50]. During a HPLC separation 
process, the sample mixture is distributed between two phases in the chromatographic 
bed, where one phase is stationary and the other phase (mobile phase) passes through 
the chromatographic bed. The stationary phase is usually made from either a solid, 
porous, surface-active material in the form of small particles, or a thin film of liquid 
coated on a solid support. A high pressure is needed to force the mobile phase through 
the column and as a result, HPLC is sometimes referred to as “high-pressure liquid 
chromatography”. For reverse-phase HPLC, the stationary phase used is less polar 
than the mobile phase which causes less polar compounds to elute later than polar 
compounds. Elution time is defined at the point at which the signal appears on the 
recorder and both the area and height of each signal are proportional to the amount of 
the corresponding substance. The signal in HPLC is usually recorded by a UV 
detector where the absorbance of the eluted compound in UV or visible light is 
recorded. The resolution of HPLC is determined by selection of a HPLC column 
which determines the type of interaction forces that occur between the mobile and 
stationary phase [50]. 
2.1.3 Mass spectrometry 
Mass spectrometry is an analytical technique that measures the mass-to-charge (m/z) 
ratio of charged particles, and is commonly used to determine the composition of a 
substance [63]. It is therefore necessary that the substance under examination must be 
ionized. In electrospray ionization (ESI) mass spectrometry, the analyte solution is 
passed through a capillary tube, which has a potential difference of a few thousand 
volts between its tip and a nearby counter-electrode. The emerging liquid is charged 
by the field, which causes the liquid to disperse into a mist of droplets. The solvent is 
also removed in a flow of dry gas, and charge accumulates on the surface of a droplet 
as it decreases in size. The resulting gas-phase ions are analyzed by a mass 
spectrometer which can be tuned to monitor either the positive ions or the negative 
ions. An ion is usually formed with a single positive charge (z = 1), so that m/z is then 
equivalent to m and gives the mass of the ion directly. When a molecule is ionized, a 
molecular ion is produced which may contain excess of internal energy, that can lead 
to fragmentation. By studying the fragmentation pattern of the substance under 
50/206 
investigation, it is thus possible to elucidate the structure of the substance. ESI mass 
spectroscopy is particularly suited for low molecular weight molecules [63]. 
 
Matrix-assisted laser desorption ionization (MALDI) is a technique commonly used to 
characterise organic and large biomolecules such as proteins (up to over 200 000 Da) 
[63]. A laser is used to deliver short intense pulses of radiation in the far UV or far 
infra-red region, and sample preparation involves mixing a small amount of sample 
with a large excess of matrix molecules in solution. A few microlitres of that solution 
are dried on a metal target, and the target is loaded into the ion source and irradiated 
with pulses from the laser. The matrix is chosen so that it strongly absorbs the 
wavelengths emitted by the laser. The absorption of radiation by the matrix controls 
the energy that is subsequently deposited in the sample molecules, which causes the 
ionization of molecules. Time-of-flight (ToF) mass spectrometers are usually used in 
MALDI mass spectrometry. ToF mass spectrometers separate ions of different masses 
by making use of their different velocities after acceleration through a potential, V, as 
zeV = mv
2
/2, the velocity (v) of an ion of mass (m) is v = (2zeV/m)1/2, where z is the 
charge of the ion and e is the charge of an electron [63]. 
2.2 Spectroscopic techniques 
2.2.1 UV-visible spectroscopy 
UV-visible spectroscopy is a technique which measures the absorption of UV-visible 
to near infra-red radiation by molecules [24]. Absorption of photons results in the 
promotion of an electron from an orbital of a molecule in the ground state to an 
unoccupied orbital at a higher energy level. Relaxation of the electron can then occur 
through fluorescence, which is discussed in section 2.2.2. The absorbance (A) for a 
sample follows the Beer-Lambert Law, which states that A(λ) = log (I0/Ie) = ε(λ)lc, 
where λ is the wavelength of light, I0 is the intensity of light beam entering the sample, 
Ie is the intensity of light beam leaving the sample, ε(λ) is the molar absorption 
coefficient (L mol-1 cm-1), l is the absorption path length in cm and c is the 
concentration of absorbing species in mol L-1 [24]. 
 
A UV-visible spectrophotometer consists of a light source, which uses an 
incandescent bulb for visible wavelengths and a deuterium lamb in the ultra-violet 
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wavelengths. A diffraction grating, or monochromator is used to separate the different 
wavelengths of light, and a photodiode detector is used to detect the intensity of light 
passing through the sample [24].  
2.2.2 Fluorescence spectroscopy 
Fluorescence spectroscopy is a technique used to measure the fluorescence of a 
molecule, which occurs as a consequence of the following process. [34]. The 
absorption of photons brings a molecule to from S0 to one of the higher energy 
vibrational levels such as S1, S2, etc (Figure 2.2). De-excitation can then occur by 
internal conversion, which is a non-radiative transition between two electronic states 
of the same spin multiplicity. All excited molecules undergo internal conversion until 
it reaches the S1 state, and relaxation to the ground state, S0 is achieved by emission of 
photons. Although internal conversion from S1 to S0 is possible, it is less efficient than 
conversion from S2 to S1 because there is a larger energy gap between S1 to S0 (Figure 
2.2). Internal conversion from S1 to S0 therefore competes with emission of photons. 
Emission of photons accompanying the S1 to S0 relaxation is called fluorescence. For 
most molecules, fluorescence emission only occurs from S1, hence fluorescence 
emission does not depend on the excitation wavelength. Fluorescence occurs for a 
very short time span (10-10 – 10-7 s). Fluorescence differs from phosphorescence as the 
emission of light in phosphorescence can persists for 10-6 - 1 s after excitation, and is 
a result of relaxation from a T1 to S0. In fluorescence spectroscopy, the light source is 
usually a high-pressure xenon arc lamp, which provides continuous emission from 
~250 nm to the infra-red region. A monochromator is used to select the excitation 
wavelength, and fluorescence is collected at right angles with respect to the incident 
beam, and detected through a monochromator by a photo-multiplier. A plot of 
emission against wavelength for any given wavelength is known as the emission 
spectrum [34]. 
 
Since fluorescence depends on the absorption of light, the sensitivity of this technique 
is limited by the intensity of the excitation light source and the ability of the 
instrument to detect emitted light.  
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Figure 2.2 Perrin-Jablonski diagram illustrating the processes of UV absorption, fluorescence and 
phosphorescence. Redrawn from [34]. 
2.2.3 Nuclear magnetic resonance spectroscopy 
Nuclear magnetic resonance spectroscopy (NMR) is a technique where transitions 
between nuclear spin energy levels of the system are first excited, and the resulting 
absorption or emission of energy is monitored to gain structural information about the 
system [64]. 
 
NMR spectroscopy can be used to investigate the quantum mechanical properties of 
molecules [64]. A spinning magnetic nuclei generate a nuclear magnetic moment, µ, 
which is proportional to the spin, I. This relationship is given by µ = γ I, where γ is 
called the gyromagnetic ratio. γ for each istope is unique, hence  µ  is unique for each 
isotope. I is quantized and can take integral or half-integral values depending on the 
number of unpaired protons and neutrons. When the nucleus is placed in a magnetic 
field, a small number of allowed orientations of µ will occur which will have different 
energies depending on the interactions with the applied field. Each allowed 
orientation is given a mI value and the number of allowed energy levels that exist is 
given by 2I + 1 discrete energy levels. The energy levels will depend on the strength 
53/206 
of the applied field, the size of µ, γ and mI. The selection rule for NMR spectroscopy 
is ∆ mI = ±1, which means that the allowed transitions are between adjacent energy 
levels. The resonance condition is given by Plank’s equation, ∆E = hν, where h is the 
Plank’s constant and is ν the frequency of electromagnetic radiation. The radiation 
required to induce NMR transitions falls in the radio frequency range (108 Hz) and the 
most commonly used NMR spectroscopy to find the resonance frequencies of an 
NMR active sample is the continuous wave NMR spectroscopy. The NMR frequency 
of a nucleus in a molecule depends on the position of the nucleus in the molecule, 
which can be exploited for structural determination.  
 
The field experienced by a nucleus in a molecule is smaller than the supplied field, as 
the supplied external field causes the electrons to generate an opposing magnetic field, 
thus shielding the nuclei from the external field. Because the magnitude of nuclear 
shielding depends on the strength of the magnetic field which can vary between each 
experimental setup, the resonance frequency of a nucleus is therefore dependent on its 
environment. NMR spectroscopy therefore reports results in terms of chemical shift, δ, 
which is defined as the difference in resonance frequencies between the nucleus of 
interest and a reference nucleus [64]. δ is reported in parts per million, or ppm. The 
reference signal is obtained by adding a small amount of a suitable compound to the 
NMR sample. Tetramethylsilane (CH3)4Si is the commonly used reference compound 
for proton and carbon NMR spectroscopy. Deuterium labeled compounds are now 
widely used as solvents for NMR spectroscopy as the deuterium isotope of hydrogen 
has a different magnetic moment and spin and is not seen in an NMR spectrum of 1H. 
The magnetic interactions between nuclei, known as “spin-spin coupling” also 
determine the appearance of a NMR spectrum. Spin-spin coupling results when there 
are groups of different NMR active nuclei present in the molecule, and the nuclear 
magnetic moments of other NMR active nuclei surrounding the nucleus of interest 
produce addition magnetic fields. The magnitude of spin-spin coupling is small 
compared to the thermal energy, hence components of spin-spin couplings are seen as 
splits in a NMR frequency line. 
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2.2.4 Fourier Transform Infrared (FTIR) spectroscopy 
Infrared (IR) spectroscopy measures the interaction of infra-red radiation (1012 to 1014 
Hz) with matter, as the internal movements of atoms in a molecule (with respect of its 
centre of mass) occur at the same frequencies. Absorption IR radiation will only take 
place if the vibration frequency of the molecules matches that of the radiation, and 
since E = hv, where E is energy per quantum of radiation, h is Planck’s constant and v 
is the frequency of radiation, the absorption of energy is quantised. As 
electromagnetic radiation consists of a periodically oscillating electric field, 
absorption of IR radiation will only take place if the vibration produces an alternating 
electric field, i.e. when the vibration is coupled with a changing dipole moment. The 
above mentioned criteria state the selection rules for a molecule to be IR active. The 
vibrations of atoms in a molecule can be represented by three independent mutually 
perpendicular movements parallel to x, y and z axes in a Cartesian system. Thus, for a 
molecule that contains N atoms, the number of fundamental vibrations is 3N – 6, 
except for linear molecules where the fundamental vibrations is 3N – 5 [65].  
 
A fourier transform infrared (FTIR) spectrometer is based on a Michelson 
interferometer, as shown in Figure 2.3. The interferometer consists of a source of IR 
radiation, a beam splitter, a fixed mirror, and a moving mirror. The beamsplitter is 
designed to transmit half the radiation that impinges upon it, and reflects the other 
half. As a result, one beam is transmitted to the fixed mirror, and the second beam is 
transmitted to the moving mirror. Radiation that arrives at both mirrors is then 
reflected back to the beamsplitter. 
Infra-red 
source
Detector
Beamsplitter
Moving mirror
Fixed mirror
Sample
 
Figure 2.3 A schematic diagram of a Michelson interferometer. Redrawn from [44]. 
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The optical path difference, δ, is the difference between the distances travelled by the 
beam reflected off the fixed mirror and that of the moving mirror. When both mirrors 
are at the same distance from the beam splitter, the condition is known as zero path 
difference (ZPD). The distance between the moving mirror and ZPD is known as the 
mirror displacement ∆, and has the relationship δ = 2∆. When δ = n λ , where n = 
0,1,2.., λ is the wavelength of IR radiation, constructive interferences occur and all 
wavelengths are in-phase. When δ = (n + ½) λ , where n = 0,1,2.., destructive 
interferences occur and all wavelengths are out of phase. The variation of light 
intensity with δ is measured by the detector as a sinusoidal wave, and the plot of light 
intensity versus δ is called an interferogram. In a FTIR spectrophotometer, a 
broadband IR source is used and the different wavelengths give rise to different 
sinusoidal waves. Hence the total interferogram measured by the detector is the 
summation of all the interferograms from all the different IR wavelengths. The 
interferogram collected is then translated into a spectrum using a Fourier Transform. 
For a FTIR measurement, the spectrum of a sample is expressed as a ratio against the 
background spectrum, which produces a transmittance spectrum given by %T = I/I0, 
where %T is transmittance, I is the intensity measured with a sample in the beam and 
I0 is the intensity measured when no sample is in the beam. The absorbance (A) 
spectrum can then be calculated from a transmittance spectrum using A = -log10 T.  
2.2.5 Raman spectroscopy and surface-enhanced Raman 
scattering (SERS) 
2.2.5.1 Raman spectroscopy 
Raman spectroscopy measures the inelastic scattering of light when light interacts 
with a molecule. Inelastic scattering occurs when energy is transferred either from the 
incident photon to the molecule or vice versa. When the energy of the scattered 
photon is different from that of the incident photon by one vibrational unit, the 
process is called Raman scattering [61]. Inelastic scattering differs from elastic 
scattering, where in the latter, light distorts (polarizes) the electron cloud and only 
negligible frequency changes occur. This process is termed Rayleigh scattering.  
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Figure 2.4 shows the different processes of Rayleigh and Raman scattering process. 
Stokes scattering occurs when molecules absorb energy, and get promoted to a higher 
energy excited vibration state n from the ground vibrational state m. Due to thermal 
energy, some molecules may already be present in an excited state such as n, hence 
scattering from these states to ground state m is called anti-Stokes scattering. A 
transfer of energy to the scattered photon occurs in this case. 
 
 
Figure 2.4 Diagram illustrating the Rayleigh and Raman scattering processes. Raman scattering can be 
due to Stokes or Anti-Stokes scattering. Redrawn from [61]. 
 
Like IR spectroscopy, Raman spectroscopy measures the vibrational states of a 
molecule. Raman spectroscopy uses a single frequency of radiation to irradiate the 
sample and unlike IR spectroscopy, Raman scattering does not require the matching 
of the incident radiation to the energy difference between the ground and excited 
states. Raman scattering is presented only as the Stokes spectrum and is given as a 
shift in energy from the energy of the laser beam. For a molecule to be Raman-active, 
the molecule must possess a net polarizability [61]. 
 
In a Raman spectrometer, a laser is used to irradiate the sample. Raman scattering can 
be collected either at 90o or at 180o. In most common setups, the scattered light is 
collected through the notch filter and focussed into a monochromator. Notch filters 
are used to absorb all light of the frequency of the incident laser light, and 
monochromators are used to separate the wavelength of shifted Raman scattering 
from other light such as from Rayleigh scattering. The radiation is then focussed onto 
a CCD detector [61]. 
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2.2.5.2 Surface enhanced Raman scattering (SERS) 
The signal enhancement in Raman scattering achieved from attaching a molecule to a 
metallic substrate is known as Surface-Enhanced Raman Scattering (SERS). For a 
substrate to be SERS active, besides having effective adsorption of the analyte on the 
metal surface, a roughened metal surface is necessary. This is because when light 
interacts with electrons on smooth surfaces, oscillation of surface plasmons only 
occurs along the plane of the surface, which results in no scattering of light. The exact 
reason for SERS enhancement is not clearly known. However, two theories, namely 
the electromagnetic enhancement and charge transfer enhancement are now widely 
accepted in the literature [61]. 
 
When the analyte is in close proximity to the metal surface, an interaction between the 
analyte and the plasmons occur. Electromagnetic enhancement has been described 
based on models of small metallic sphere interacting with an electric field. When a 
small metal sphere is subjected to an applied electric field from the laser, the field at 
the surface is described by equation 2.1. 
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Where Er is the total electric field at a distance r from the sphere surface, a is the 
radius of the sphere, θ is the angle relative to the direction of the electric field and g is 
a constant related to the dielectric constants such that: 
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ε0 and ε1 are the dielectric constants of the medium surrounding the sphere and of the 
metal sphere respectively. vL is the frequency of the incident radiation. 
 
At a certain frequency where the value of g is the maximum, Er will be at a maximum 
and this frequency is called the plasmon resonance frequency. When the incident 
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radiation is at this frequency, the excitation of the surface plasmon greatly increases 
the local electric field experienced by the molecule absorbed on the metal surface. As 
the molecule is surrounded by a very freely moving electron cloud, the electrons in 
the analyte molecule can interact with this cloud, giving greater polarization around 
the molecule.  
 
At any point on the metal surface, the electric field can be described by two 
components, the average field perpendicular to the surface, and the average field 
parallel to the surface. g is dependent on the dielectric constants of the metal, the 
surrounding medium and the laser frequency. The dielectric constant of the metal is 
generally about 1, and by substituting ε0 =1 into equation 2.1 and equation 2.2 the 
electric field perpendicular to the surface is greater than that parallel to it. Thus, the 
greatest enhancement is observed for a molecule adsorbed on the surface, and 
polarized perpendicular to it. As the field is inversely proportional to r3, the 
magnitude of SERS enhancement drops off rapidly with the distance from the surface. 
  
Chemical SERS enhancement involves the formation of a bond between the analyte 
and the metal surface. Formation of such a bond facilitates transfer of charge 
(electrons or holes) from the metal surface into the analyte occurs, which increases the 
molecular polarizability of the molecule. SERS enhancement can also proceed via 
new electronic states, which arises from the formation of the bond between the 
analyte and the metal surface. As opposed to the radiation being absorbed or scattered 
through the plasmons on the surface, the radiation is absorbed into the metal and a 
hole is transferred into the adsorbate metal atom cluster. The Raman process occurs 
and excitation is transferred back into the metal and re-radiation occurs from the 
metal surface [61].  
2.3 Nanoparticle characterisation techniques 
2.3.1 Transmission electron microscopy 
Transmission electron microscopy (TEM) is a technique used to image objects in the 
nano-metre scale (from one to several hundreds nanometres) [48]. Figure 2.5 shows 
the components of a transmission electron microscope. The electron gun provides an 
intense beam of high energy electrons, and electrons can be generated either by 
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thermionic discharge or by field emission. High resolution TEMs use an accelerating 
voltage between 200 kV to 400 kV. To avoid scattering of electrons by air, TEMs are 
operated in vacuum. The first condenser lens is used to create a de-magnified image 
of the gun crossover and to control the minimum spot size available in the rest of the 
condenser system. The second condenser lens affect the convergence of the beam at 
the specimen and the diameter of the illuminated area of the sample. The condenser 
aperture controls the fraction of the electron beam which is allowed to hit the 
specimen. The objective lens then forms an inverted initial image of the sample. The 
objective aperture is used to select the electrons which will contribute to the image i.e. 
to control the contrast of the final image. The project lens is used to magnify the 
initial image formed by the objective lens to a desired magnification for viewing. The 
viewing screen in a TEM is coated with materials such as ZnS, which converts energy 
of the electrons to emit green light. 
 
 
 
 
Figure 2.5 Components of a transmission electron microscope (TEM). Redrawn from [48]. 
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2.3.2 Dynamic light scattering 
2.3.2.1 Principles of dynamic light scattering 
Dynamic light scattering (DLS), also known as photon correlation spectroscopy (PCS) 
is a technique used to measure the hydrodynamic diameter of particles in solution [66, 
67]. In a DLS experimental setup, a monochromatic beam of laser light is impinged 
on a sample, and the light scattered by molecules in the illuminated volume is 
analyzed by a detector placed at an angle θ with respect to the transmitted beam. 
Since the molecules in the illuminated volume are in Brownian motion, the light 
collected by the detector fluctuates with time. Under Brownian motion, larger 
particles will move slower than smaller particles, and since temperature affects 
Brownian motion, a stable temperature is required for an accurate DLS measurement. 
The velocity of Brownian motion of an object is defined by the translation diffusion 
coefficient, D. In DLS measurements, the diameter that is measured is the 
hydrodynamic diameter, d(H) as it refers to how a particle diffuses in liquid. The 
hydrodynamic diameter is calculated from the translation diffusion coefficient using 
the Stokes-Einstein equation, as shown in equation 2.3 [66, 67]: 
 
d(H) = kT/(3πηD)      Equation 2.3 
 
Where k is the Boltzmann’s constant, T is the absolute temperature, η is the viscosity 
of the medium and D is the translation diffusion coefficient. The translation diffusion 
coefficient of a particle depends not only on the size of the particle, but also on its 
shape and the concentration and type of ions present in the medium it is diffusing 
through. Since the shape of the object can change the way it diffuses through a 
medium, the shape of an object will determine the hydrodynamic diameter. If a non-
spherical object is measured, the hydrodynamic diameter measured by DLS is the 
hydrodynamic diameter of a sphere that has the same translation diffusion coefficient 
as the object. The ions in the medium can affect the particle diffusion speed by 
changing the thickness of the electric double layer, which is termed the Debye length 
(K-1). 
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In DLS measurements, the translation diffusion coefficient is determined by 
measuring how fast the signal collected at the detector changes with time, using a 
correlator [66]. As mentioned earlier, smaller particles will move faster, and hence 
produce more rapid fluctuations in the signal than larger particles. The signal 
collected at time = t is compared with that at time = t + δt, to determine how similar 
the two signals are. The period of δt is very small, in the range of ns to µs. If the two 
signals are exactly the same, they are said to have perfect correlation, and this is 
assigned a value of 1. When there is no correlation between the two signals, a value of 
0 is given. Hence, there will be no correlation in the signals from a random source, 
and for large particles, the particles will be moving slowly, and the correlation will 
persist for a relatively long time. 
2.3.2.2 Data analysis in DLS measurements 
The correlation function, G(τ), of the scattered intensity (I) is given by the correlator 
in a DLS machine by G(τ) = < I(t) . I(t+ τ)>, where τ is the time difference in 
sampling time of the correlator [66]. For mono-disperse and poly-disperse particles in 
Brownian motion, the correlation function is given by equation 2.4 and 2.5 
respectively. 
 
G(τ) = A [1 + B exp (-2Γτ)]    Equation 2.4 
G(τ) = A [1 + B g1 (τ)2]    Equation 2.5 
 
Where A is the baseline of the correlation function, B is the intercept of the 
correlation function, Γ =Dq2 and D is the translation diffusion coefficient, q = (4 π n / 
λ) sin (θ/2), where n is the refractive index of the dispersant, λ is the wavelength of 
the laser and θ is the scattering angle. g1 is the sum of all the exponential decays 
contained in the correlation function. 
 
The two most common approaches to obtain size of the particles under observation 
from the correlation function are by either fitting a single exponential to the 
correlation function or by fitting a multiple exponential to the correlation function 
[66]. When a single exponential function is fitted to the correlation function, a mean 
size (z-average diameter) and the estimate of the width of the distribution is obtained. 
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This approach is called the Cumulants analysis. When a multiple exponential function 
is fitted to the correlation function, a distribution of particle sizes is obtained. The 
latter approach is termed the non-negative least square (NNLS) or CONTIN approach. 
 
In a DLS setup, He-Ne lasers that emit light in the UV region are used. If the particles 
are much smaller than the wavelength of light (λ) used such that d = λ/10, where d is 
the diameter of the particles, scattering from the particles will be isotropic. Rayleigh 
scattering also states that I ∞ 1/ λ 4, where λ is the wavelength of laser used and I ∞ d6, 
where d is the particle diameter [66, 67]. Because of the d6, the inherent limitation of 
DLS lies in its difficulty in resolving a population where there is a mixture of small 
and larger particles as scattered intensity from larger particles can mask that of 
smaller particles. 
2.3.3 Nanoparticle Tracking Analysis (NTA) system 
The Nanoparticle Tracking Analysis (NTA) system is designed to size particles which 
are approximately 10 to 600+ nm diameter [68], and works on the same principles 
governing DLS, as mentioned in section 2.3.2.1. The NTA system differs from the 
DLS setup in the way data is collected and processed. In the NTA system, a 655 nm 
laser is configured to launch a finely focussed beam through a 500 µl sample chamber 
(Figure 2.6) [68, 69]. The sample chamber contains an upper optical window, through 
which the sample is viewed down using an optical microscope equipped with a x1000 
magnifying lens. Particles in the liquid sample under then laser beam are seen through 
the microscope as small points of lighting moving under Brownian motion. The 
motions of the particles are then tracked using a CCD camera, operating at 25 frames 
per second, which is mounted on the microscope. The video images of a particle’s 
movement is recorded over a suitable period of time (10 – 20 s) and analysed using a 
HaloTM 2.3 NTA software. The analytical software allows the user to optimise the 
image in terms of image smoothing, removal of blurring, setting of thresholds to 
ensure that particles of interest are being tracked without interference from stray flare 
or diffraction patterns, and choosing trajectories whose lifetimes are sufficiently long 
to ensure statistically reliable results. Based on the user’s specific selection criteria, 
the movement of individual particles is analyzed by the software and the mean 
squared displacement for each particle is determined. From the mean squared 
displacement value for each particle, the translation diffusion coefficient (D) of each 
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particle is determined, from which the sphere-equivalent hydrodynamic diameter can 
be determined using the Stokes-Einstein equation (equation 2.3). 
 
 
Figure 2.6 (A) NTA analysis system for particle sizing. (B) The sample chamber in NTA system. 
Images taken from [69]. 
 
Since the configuration measures only the particle Brownian motion in two 
dimensions, whereas particles are able to move in three dimensions, the undetected 
movement in the z-plane presents one of the analytical limitations of this technique. 
The undetected movement in the z-plane is misinterpreted by the analysis programme 
as a limited x-y plane movement, which is typical of a larger particle. Also, the 
technique captures information from a finite focal plane, which depth is defined by 
the microscope objective. Smaller particles can diffuse more rapidly, and move a 
greater distance compared to larger particles and hence is likely to move in and out of 
the field of view more frequently than larger particles. This phenomenon can cause 
the results to produce a higher number count of smaller particles within a polydisperse 
sample. In view of these limitations, a prior knowledge of the sample is thus required 
for accurate interpretation of a NTA result. 
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2.3.4 Small angle X-ray scattering 
Small angle X-ray scattering (SAXS) is a technique based on X-ray diffraction of 
samples, which can be used to study structural information of materials [70]. The 
diffraction of X-ray by matter results from the combination of scattering by each 
individual atom, and interference between the waves scattered by these atoms. The 
range of wavelengths commonly used for X-ray crystallography is 0.5 to 2.5 Ǻ. The 
scattering of X-rays by a scattering centre, O, is illustrated in Figure 2.7. The incident 
ray So and the scattered ray S passes through O and the scattering angle is defined as 
2θ. The scattered intensity I(q) is recorded as a function of the vector q, where λ is the 
wavelength of the X-ray radiation. 
 
  
Figure 2.7 Diagram showing a scattering centre O, with incident radiation S0 and scattered radiation, S, 
and vector q. Redrawn from [70]. 
 
Each scattering measurement on a given object corresponds to a point in the 
reciprocal space. The Ewald sphere describes the diffraction in space by a fixed object 
for a given incident ray and the determination of the values of the diffracted intensity 
[70]. By changing the direction of the incident rays with λ kept constant, it is possible 
to determine the diffraction intensity as a function of the direction of diffraction. By 
utilizing all possible orientations of S0, it is possible to explore completely the portion 
of reciprocal space which is contained within the sphere of radius 2/λ. With radiations 
of shorter wavelengths, it is theoretically possible to explore as larger volume in 
reciprocal space [70]. 
 
For a homogeneous body, the diffracted intensity I(q) versus q graph has a central 
peak, which depends upon the shape and size of the sample. The peak occurs only in 
2Ө
S
S0
λ
θπ sin4
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O
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the centre in amorphous materials, while it repeats itself around each node in the case 
of perfect crystals [70]. The width of the central peak is defined as 1/d3, where d is the 
order of magnitude of the size of the sample.  
 
In colloidal solutions, particles are suspended in a homogeneous medium. If ρ0 is the 
electron density of the continuous medium, the scattering power of the particle is: 
 
∑−= 220 |)(|)()( qqI ρρ     Equation 2.6 
 
Where the density of particles is ρ − ρ0. 
 
The equations describing scattering power of particles differ depending on the shape. 
The four different shapes are spheres, rods, flat disks and ellipsoids [70]. SAXS is 
very sensitive to large particle, as scattering is dependent on the sixth power of 
diameter. The central peak of the I(q) versus q curve becomes unobservable when the 
particle diameter exceeds a few hundred nanometers. For large particles, little 
scattering is observed at small angles [70]. 
2.3.5 Measurement of zeta potential  
Zeta potential is a physical property exhibited by particles in solvent, and 
measurement of zeta potential can be used to characterise stability of the particles [66, 
67]. When charged particles are present in a solvent, an electric double layer is 
formed around the particles, due to unequal distribution of cations and anions in the 
vicinity of the charged surface. As shown in Figure 2.8, the electric double layer is 
divided into the Stern layer where ions are strongly bound, and a diffuse layer where 
ions are less associated. Within the diffuse layer, there is a region near the particle 
which the ions and particles form a stable entity, and thus will move together. This 
imaginary boundary is referred to as the surface of shear. When a particle moves in a 
solvent, the potential difference between the moving and stationary solvent layers is 
referred to as the zeta potential [66, 67]. 
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Figure 2.8 Schematic representation of the electric potential in the vicinity of a negatively charged 
particle. Redrawn from [44, 66]. 
 
Measurement of zeta potential is carried out by measuring the electrophoretic 
mobility of particles [66, 67]The electrophoretic mobility, UE, is defined as the 
velocity of a particle under the influence of an electric field, and is related to the zeta 
potential, ζ , by the Henry equation, where UE = 2εζf(κa) / (3η), where ε is the 
dielectric constant, η is the viscosity and f(κa) is the Henry’s function. κ−1 is termed 
the Debye length and is a measure of the thickness of the electric double layer. The 
parameter ‘a’ refers to the radius of the particle, and f(κa) measures the ratio of the 
particle radius to the electric double layer. For particles moving in polar medium, the 
Debye length is considered to be relatively small and the Smoluchowski 
approximation is used for determination of zeta potential which gives f(κa) = 1.5. For 
particles moving in a non-polar medium, the Debye length is considered to be 
relatively large and the Hückel approximation is used where f(κa) = 1.0 [66]. 
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The measurement of electrophoretic mobility is carried out by using a capillary cell 
with electrodes attached to both ends to which a potential is applied [66]. The 
particles move towards the electrode which has the opposing charge, and the velocity 
is measured using a technique called laser Doppler electrophoresis. In the zeta 
potential measurement system used, a laser was used as a light source which was split 
into two to give an incident beam and a reference beam [66]. The incident laser beam 
passes through the sample cell and the scattered light is collected at an angle of 13o by 
a detector. When an electric field is applied to the sample cell, movements of the 
particles will cause the intensity of light reaching the detector to fluctuate, with a 
frequency proportional to the particle speed. A digital signal processor is used to 
compare the signal of the scattered beam to that of the reference beam, and the 
electrophoretic mobility and hence the zeta potential is calculated.  
2.4 Quartz Crystal Microbalance 
The quartz crystal microbalance (QCM) is a technique used to monitor the deposition 
of molecules on a quartz crystal in either gaseous or liquid media [60, 71, 72]. The 
QCM measures changes in mass per unit area by measuring the change in frequency 
of a quartz crystal resonator. A QCM consists of a thin quartz crystal with electrodes 
evaporated onto both sides. Due to the piezoelectric properties of quartz, an 
alternating voltage applied across the electrodes induces a shear deformation of the 
crystal. Deposition of molecules changes the frequency of the crystal, which can be 
monitored by electrical means. The acoustic modes generated by the quartz crystal are 
well-approximated by standing plane waves perpendicular to the crystal surface, and 
has a weak coupling to the environment. The weak coupling to the environment 
increases the Q factor, which is the ratio between the frequency and bandwidth of the 
acoustic waves, which gives a highly stable oscillator that can be used in the accurate 
determination of the resonance frequency [60].  
 
The QCM was initially developed for monitoring film thickness in a gaseous 
environment, and works on principles of Sauerbrey relation [60, 71]. The Sauerbrey 
equation states that the mass change on a quartz crystal is proportional to the 
frequency shift, and is given by ∆f = -n∆m / C, where ∆f is the frequency shift, n is the 
overtone number, ∆m is the change in mass, and C is the mass sensitivity constant 
which is a property of the quartz crystal. For Sauerbrey equation to be used reliably, it 
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is assumed that the mass gained is small compared to the mass of the crystal, the mass 
is evenly distributed, the mass does not slip on the electrode and that the mass is 
sufficiently rigid and/or thin to have negligible internal friction [71]. 
 
When QCMs are used in liquid media such as in the case of studying peptide 
deposition [73], the adsorbed film is likely to be not rigid and the Sauerbrey relation 
becomes less accurate. As a viscoelastic film will not fully couple to the oscillation of 
the crystal, the Sauerbrey relation tends to underestimate the mass at the surface. In 
such cases, dissipation (D) of the crystal’s oscillation is measured to characterise the 
film’s viscoelasticity. D is given by Elost/ (2π Estored), where is Elost the energy lost 
during one oscillation cycle and Estored  is the total energy stored in the oscillator [60]. 
The resonant frequency of the quartz crystal depends on temperature and pressure, 
hence liquid samples are introduced in a temperature-controlled environments [60].  
 
69/206 
Chapter 3 Peptide-Driven Assembly of Nanoparticles 
3.1 Introduction  
Gold nanoparticles (NPs) have shown great promise in biomedical applications. The 
dimensions of NPs have been exploited for uses in therapeutic drug delivery [74], and 
the high optical extinctions make them highly suited as probes for cell targeting and 
imaging [38]. Assembly of gold NPs into nano-structures can also exhibit quantized 
properties which can be used for bio-sensing [29, 58, 75]. To harness the potential of 
gold NPs for these applications, the conjugation of gold NPs to biomolecules has been 
looked upon as a means to incorporate necessary functionalities on the NP surface [4]. 
Biomolecule-gold NP conjugates have also been explored as a way to bridge the gap 
between conventional top-down and bottom-up approaches, where this size range is 
not easily accessible [4]. 
3.2 Peptide-driven assembly of nanoparticles 
Peptides are interesting tethers for assembling NPs, as the large library of amino acids 
allows for rational design of many peptide sequences. The natural amino acid pool 
consists of 20 members with different physical properties (polar, non-polar, acid, 
basic and aromatic) and an infinite number of unnatural amino acids can be designed 
in the laboratory. Peptide synthesis methods are also well developed and can be 
automated. Many examples of peptide-functionalised NPs [26, 29, 35, 51, 76] and 
peptide-driven assembly of NPs have been reported [76, 77]. The properties of these 
peptide-functionalised NPs can also be tailored to respond to external stimuli such as 
pH [10, 76] and proteases [29, 58]. 
 
Gold NPs have interesting optical properties such that the surface plasmon resonance 
of NPs is dependent on their size and size distribution, a phenomenon named Mie 
scattering [13, 78]. Gold NPs in solution exhibit a characteristic red colour when well-
dispersed and a blue colour solution when aggregated. This unique property of gold 
NPs has been exploited for the colorimetric sensing of enzymes [29, 75] and poly-
nucleotides [27].  
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3.3 Current limitations of nanoparticle characterisation techniques 
Techniques used to characterize NPs and biomolecule-NPs generally include the use 
of transmission electron microscopy (TEM), dynamic light scattering (DLS), small 
angle x-ray scattering (SAXS) and UV-visible spectroscopy. TEM and DLS have 
limitations as monitoring of in situ assembly formation is not possible with TEM, and 
analysis with DLS does not allow actual visualization of the sample [68]. SAXS has 
also been used as a technique for particle sizing and like DLS, benefits from being 
able to measure NPs in solution and is a non-destructive technique [79]. 
3.4 Investigation of peptide-driven nanoparticle assembly using 
different sizes of gold nanoparticles 
In this work, the tri-peptide Fmoc-Gly-Phe-Cys (peptide 1) was used as a tether for 
the assembly of gold NPs (10 nm, 20 nm, 40 nm), as shown in Figure 3.1. 
 
Figure 3.1 Schematic illustration showing the self-assembly of peptide 1-functionalised gold NPs. 
Aggregation is driven by π−π interactions between the Fmoc groups.  
 
The peptide design exploits the use of N-Fmoc-protected peptides found as common 
intermediaries during peptide synthesis [62], and that is the reason for the position of 
Fmoc group on the N terminus [62]. Fmoc-protected peptides have anti-inflammatory 
properties [80], which may make them attractive as biomaterial constructs. Self-
assembled fibres from Fmoc-protected peptides have been previously reported [48]. 
The Fmoc groups can self-assemble via π−π interactions, which we prostulate will 
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drive aggregation of the peptide-NPs. The C terminus was designed with a Cys 
residue, which contains a SH side group, allowing attachment of the peptide to the 
gold surface to be achieved through a gold-thiolate bond  [81-83]. Additional bio-
responsive features in the design of the peptide are discussed in chapter 4 in more 
detail. 
 
The aims of this work are to (i) develop an approach which is suitable for handling 
NPs in physiological buffers and to characterize the size and optical properties of NPs, 
(ii) to synthesize and characterise the properties of peptide 1, (iii) to study the self-
asssembly of peptide 1 and to (iv) investigate the self-assembly of peptide 1 
functionalised NPs (peptide 1-NPs). 
 
Here, the characterization of the aggregation of peptide-NPs was performed using 
TEM, DLS, SAXS, UV-visible spectroscopy, zeta-potential and additionally, employ 
a new particle analysis technique called nanoparticle tracking analysis system (NTA). 
NTA offers complimentary information to TEM and DLS by enabling direct 
visualization of the sample [68, 69]. 
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3.5 Materials and Methods 
General: Dipotassium bis(p-sulfonatophenyl)phenylphosphine dihydrate was purchased 
from Strem Chemicals (MA). Unless otherwise indicated, other reagents and materials 
were obtained from Sigma-Aldrich (UK). All solutions were prepared using high-purity 
deionised water (purified on Nanopure Diamond system from Triple Red Laboratory 
Technology, UK). 
 
Gold NPs: Gold NPs (10 nm, 20 nm, 40 nm) were purchased from British Biocell 
International. 
 
Peptide synthesis: Amino acids, MBHA Rink amide resin (0.7 mmol/g) were 
purchased from Novabiochem (UK) and all other reagents for solid phase synthesis 
were obtained from AGTC Bioproducts (UK). Peptide 1, Fmoc-Gly-Phe-Cys was 
synthesized using standard solid phase Fmoc strategy. Each step of the conventional 
solid phase Fmoc strategy was carried out at room temperature. Fmoc group was 
removed by soaking the Fmoc-protected peptides for 10 min in 20 % piperidine/ N-
Methyl-pyrrolidon (NMP), repeating the procedure three times. Subsequently, amino 
acid derivatives were coupled 60 min in NMP containing equimolar amounts of N-
Hydroxybenzotriazole (HOBt), O-(1H-benzotriazole-1-yl)-N,N,N',N'-
tetramethyluronium hexafluorophosphate (HBTU), and 2 equivalent of 
diisopropylethylamine (DIPEA). This step used 5 equivalents Fmoc-amino acid, 5 
equivalents HOBt, 5 equivalents HBTU, 10 equivalents of DIPEA in NMP. 
Neutralization was achieved with washes in NMP, tert-amyl alcohol and diethyl ether 
consecutively. Treatment with 4 mL of 95 % tri-fluoroacetic acid (TFA), 2.5 % 
triisopropylsilane (TIPS), 2.5 % water (H2O) for 2–2.5 h was sufficient for the 
cleavage of peptide from the resin. Peptides were dried in vacuum and purified by 
reverse-phase HPLC (Gilson) using a 20 %- 65 % water/acetonitrile gradient 
containing of 0.1 % TFA.  
 
HPLC: Analysis of the crude synthetic peptides was performed employing linear 
gradients of 0.1 % trifluoroacetic acid (TFA) / H2O and 0.1 % TFA/acetonitrile. 
Wavelength of 214 nm was monitored and a flow rate of 1.0 mL/min was used for an 
analytical run. The LDC analytical HPLC system (Thermo Separation Products, San 
73/206 
Jose, CA, USA) used consists of a ConstaMetric 3500 pump, a ConstaMetric 
3200 pump, a UV–VIS Spectromonitor model 3100 detector, a Rheodyne model 7125 
injector (Cotati, CA, USA) and a Waters 745B integrator (Millipore, Milford/CA, 
USA). This system was coupled to 5-µm, 300 Å, C18 Vydac columns (Separation 
Group, Inc., Hesperia, CA, USA). 
Mass spectroscopy:  Electrospray ionisation (ESI) mass spectroscopy was measured 
using Mass spectrometry (Micromass Quattro II), Chemistry Department, Imperial 
College. Peptides were dissolved in 1:1 acetonitrile/water at 1 mg/mL. 
 
NMR measurements: NMR spectra were recorded on a EX-270NMR Spectrometer 
JEOL NMR DELTA (270MHz) in DMSO deuterated solvent at 22 ºC, 1H-NMR were 
referenced to SiMe4, chemical shifts are reported in units of parts per million 
downfield from reference, and all coupling constant in Hz.  
 
ATR-FTIR measurements were recorded on a Perkin Elmer equipment, Spectrum 100.  
 
Fluorescence measurements: Fluorescence Spectra were recorded on a Perkin Elmer 
Luminescence Spectrometer LS50 on 266 nm and 290 nm using a 1 cm path-length 
quartz cuvette.  
 
Functionalization of NPs with peptide 1: Gold NPs (concentrations as received) were 
stabilized with 0.1 mg/mL dipotassium bis(p-sulfonatophenyl)phenylphosphine 
dihydrate for 12 h. The stabilised gold NPs were stable at room temperature over a 
period of months. NaCl was used to precipitate the gold NPs. The solution of NPs was 
then centrifuged, the supernatant pulled off and the NPs resuspended in 10 mM 
potassium phosphate (pH 8), three times to remove the surfactants. Peptide 1 solution 
was prepared in N,N-dimethylformamide (DMF).  
 
Dynamic light scattering: All spectra were recorded using a Malvern Zetasizer Nano-
ZS with a 633 nm laser source. All solutions were filtered using a 0.22 µm Millex®GS 
MF-Millipore MCE Membrane filter (Millipore, UK) prior to analysis in 1 cm path-
length disposable polysyrene cuvettes at room temperature. Measurements were 
collected with a minimum of 12 runs. For size determination of monodispersed gold 
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NPs, the concentrations were used as received. Real-time monitoring of the self-
assembly of peptide 1: 10nm NPs were functionalized with 20 µL of peptide 1 (50 µM), 
20 nm NPs were functionalized with 10 µL of peptide 1 (50 µM), 40nm NPs were 
functionalized with 30 µL of peptide 1 (5 µM).  
 
NTA: All measurements were recorded with a NTA LM10 [69]. A 500 µl sample 
chamber was used with a 655 nm laser. The laser power on the sample was <20mW. 
All solutions were filtered using a 0.22µm Millex®GS MF-Millipore MCE Membrane 
filter (Millipore, UK)  prior to analysis. Stabilised gold NPs solutions were diluted by 
adding 20 µL of NPs solution (as received) to 1 mL of 1 mg/mL dipotassium bis(p-
sulfonatophenyl)phenylphosphine dihydrate in water. Real-time monitoring of the self-
assembly of peptide 1: NPs were diluted to give a concentration of 106 particles/ml 
(according to manufacturer’s recommendation). Peptide 1 was added to give 1000 
molar excess. Three different 20 s videos were taken every 15 min and analysed by 
Nanosight NTA 1.3 software. 
 
UV-vis spectroscopy: All spectra were collected with Perkin Elmer Lamda 25, with 1 
nm resolution at room temperature. For peptide characterization, UV-visible spectra 
were collected using a 1 cm path-length quartz cuvette. The spectrum was recorded 
from 200nm to 500 nm for 8.23 mM peptide in dimethylformamide (DMF) and 
background correction was done using DMF. All peptide 1-NPs conjugates 
measurements were carried out in 1 cm path-length disposable polystyrene cuvettes and 
spectra was recorded from 200 nm to 1100 nm and background corrections using 
10mM phosphate buffer (pH8). 
 
TEM characterization: Electron microscopy samples were prepared on a 300 mesh 
holey carbon-coated copper TEM grid from Agar Scientific. A TEM grid was placed on 
a piece of medical tissue paper and one drop of solution was applied to the grid from a 
pipette. The tissue paper served to wick away excess solution. The grid was then 
washed with 5 drops of deionised water following the above procedure to remove 
excess salt from the grid surface. TEM was performed on a JEOL TEM FX(II) operated 
at 200 KV. Measurements of NPs average diameters were obtained by measuring 100 
NPs. 
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SAXS: SAXS measurements were performed using DUBBLE beamline at ESRF, 
Grenoble, France. Measurements were kindly done by Mr Tom Smart, University of 
Sheffield, Mr Piotr Gryko, Imperial College, in collaboration with Dr G. Battaglia, 
University of Sheffield. 
 
Raman spectroscopy: Raman spectral measurements were obtained using a Renishaw 
inVia Raman Microscope. A 785 nm laser provided approximately 125 mW power at 
the sample. Raman spectra were collected from 400 to 1800 cm-1 with a spectral 
resolution of 1 cm-1. 22 nm NPs were functionalized with 100 µL of peptide 1 (8.23 
mM) for 24 h. The peptide 1-NPs were centrifuged, the supernatant was pulled off 
and the peptide 1-NPs were re-suspended in 10 mM potassium phosphate (pH 8). The 
process was repeated three times. The purified peptide 1-NP solution was dropped 
onto MgF2 and left to evaporate before Raman analysis. 
 
Zeta Potential: The zeta potential of NPs and peptide 1-NPs were measured using a 
Malvern Zetasizer Nano-ZS instrument. Electrophoretic mobility was measured using 
Smoluchowski equation, as described in chapter 2 [67]. 
 
Peptide visualization: The peptide 1 structure was drawn using CambridgeSoft 
Chem3D-Ultra 9.0 and the peptide length was measured using Ortep [84]. 
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3.6 Results and Discussion 
3.6.1 Isolation of gold nanoparticles 
For gold NPs to be used for biological applications, it is necessary to isolate the 
synthesized NPs from the reaction mixture, and allow multiple re-suspension of the 
NPs in suitable buffers. The high water solubility of citrate-capped gold NPs makes 
isolation from buffers difficult. Isolation of water-soluble gold is typically 
accomplished by dialysis but often results in irreversible agglomeration of gold NPs 
[6]. 
 
The most straightforward way of isolating NPs is the addition of excess NaCl, which 
gives rise to flocculation driven by change in the electric double layer [85]. The 
flocculated Au NP solution can then be centrifuged, and the excess solutions can be 
easily removed. This process is due to a competition between electrolyte-induced 
coagulation and ligand exchange of the citrate passivating groups [86]. However, this 
method of isolating citrate-capped NPs is reported to only work for larger gold NPs 
where the re-dispersible gold NPs still maintain the citrate passivating layer [85]. This 
is because smaller Au NPs exhibit less thermodynamic stability which leads to 
coalescence of the particles following the salting-out process [86]. The definition of 
large NPs remains ambiguous in the literature. 
 
When excess NaCl was added to solutions of citrate-capped 10 nm, 20 nm or 40 nm 
NPs, an immediate change in the solution colour from red to blue was seen and it was 
not possible to re-disperse any of the NPs. This is likely due to the attack of the Au 
core by the Cl- ions and since Cl- is a monodentate ligand, it provides a less stabilizing 
effect compared to the polydentate citrate ion. 
3.6.2 Complexation of gold nanoparticles with BSPP 
To make the gold NPs more stable to NaCl to allow ease of handling, gold NPs were 
stabilized by complexation with dipotassium bis(p-sulfonatophenyl)phenylphosphine 
dihydrate (BSPP). BSPP-stabilised gold NPs are more stable compared to citrate-
capped gold NP as triphopshine compounds are able to form strong coordination 
complexes with gold because of the presence of the lone pair of electrons on P [87], 
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whereas citrate only acts as a passivating layer. BSPP-complexed gold NPs were 
found to be stable to the above described “salting-out” process. Multiple re-
suspension of BSPP-stabilised 10 nm, 20 nm, and 40 nm NPs produced a red colour 
solution in water, indicating that the NPs were well-dispersed. The zeta potential of 
BSPP-complexed gold NPs in water show a more positive zeta potential when 
compared to the citrate-capped particles (Table 3.1). This is because citrate has three 
negatively charged groups whereas BSPP has only two negatively charged groups.  
 
10 mM phosphate buffer (pH 8) was also used to re-suspend the gold NPs to 
investigate the characteristics of these NPs in a biological buffer. The BSPP-
complexed gold NPs gave a red colour solution when re-dispersed in 10 mM 
phosphate buffer. 
 
Gold NPs 
Zeta Potential of Citrate-
capped gold NPs / mV 
Zeta Potential of BSPP-
complexed gold NPs / mV 
10 nm -36.9 ± 1.0 -30.4 ± 1.5 
20 nm -37.1 ± 1.6 -33.1 ± 1.4 
40 nm -48.7 ± 1.2 -45.5 ± 1.6 
 
Table 3.1 Zeta potential of citrate-capped and BSPP-complexed gold NPs. 
 
  
Figure 3.2 Schematic diagram showing the chemical structures of citrate-capped gold nanoparticles 
and BSPP-complexed gold nanoparticles (not drawn to scale). 
PH
S OO
O-
S
O
O
O-
Au
HO
O
O-
O O
-
O
-O
Au
Complexation
 with BSPP
Citrate-capped 
Gold Nanoparticles
BSPP-complexed
Gold Nanoparticles
78/206 
3.6.3 Characterisation of gold nanoparticles 
After the successful re-suspension of NPs in water, the size and optical properties of 
gold NPs were characterized using techniques DLS, TEM, NTA and UV-visible 
spectroscopy.  
3.6.4 Characterisation of size of gold nanoparticles 
Size information obtained with the fore-mentioned techniques is different. TEM 
measures the metallic cores of the particles whereas DLS and NTA measure the 
hydrodynamic diameter of the particles. The hydrodynamic diameter is not only 
dependent on the particle size, but also the particle shape, the layer of surfactants and 
the formation of hydration shells [88]. This explains why measurements by DLS and 
NTA reported a larger value than measurements by TEM analysis (Table 3.2). 
 
Nominal Size / nm TEM / nm NTA
 
/ nm DLS / nm 
10 9 ± 0.9 14 ± 2 13 ± 3 
20 22 ± 4 34 ± 7 28 ± 9 
40 38 ± 5 57 ± 30 45 ± 12 
 
Table 3.2 Size determination of gold NPs by TEM, DLS and NTA.  
 
DLS and NTA are light scattering techniques which determine the hydrodynamic 
diameter of NPs by measuring the translation diffusion coefficient (Dt) of NPs1. As 
NPs move under Brownian motion, smaller particles move faster and hence produce a 
higher diffusion coefficient than larger particles. Both DLS and NTA provide 
complementary information to particle size measurements, NTA however has better 
resolution than DLS, which is a result of Rayleigh scattering. At the nanoscale, the 
intensity of light scattered by particles, Iscatt, varies to the sixth power of the particle 
radius, r (Iscatt ∞ r6 ) [69, 88, 89]. As DLS is an ensemble measurement where the 
detected signal arises from a large number of particles, the technique is sensitive to 
the presence of larger particles, giving measurements bias to the larger sized particles. 
In DLS, the total scattered intensity for the entire sample population is analysed and, 
                                                 
1 The translational diffusion coefficient, Dt, is related to the hydrodynamic diameter dh by the Stoke-
Einstein equation: Dt = kT / (3πη dh), where k is the Boltzmann constant, T is the absolute temperature, 
η is the viscosity. 
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it is only able to resolve the difference in particle sizes in a mixture when they differ 
by a ratio of at least >2:1.  
 
In contrast, NTA tracks NPs on an individual basis and because the light scattered 
from smaller particles is not dominated by that of the larger particles, NTA does not 
suffer from the same intensity weighted, averaging limitations as DLS [68]. However, 
due to the need to be able to resolve individual particles, a lower concentration is used 
in NTA studies (between 106 and 109 particles/mL) than in DLS studies (1010 – 1012 
particles /mL), hence DLS studies give a more statistically sound sampling. Also, 
NTA is unable to resolve any particle movement in the z plane, hence such movement 
is misinterpreted by the analytical programme as a limited x-y plane movement which 
is typical of a larger particle [68]. For mono-dispersed, stabilised NPs, both 
techniques reported particle sizes which are in good agreement (Table 3.2). 
3.6.4.1  UV-visible spectroscopy 
The surface plasmon resonance (SPR) of metallic NPs is the coherent excitation of all 
free electrons within the conduction band, which leads to an in-phase oscillation. 
When the size of NP is small compared to the wavelength of light, excitation of the 
surface plasmons can take place within the visible region [14, 78, 90, 91]. The 
generation of a surface plasmon oscillation is explained in Figure 3.3. The electric 
field on an incoming light wave induces a polarization of the free conduction 
electrons with respect to the much heavier ionic core of a spherical NP. The net 
charge difference which occurs at the NP surface imposes a new force on the electron 
cloud. The electrons thus undergo a restoring force against the external electric field 
[13, 90]. As the energy levels are dependent on NP size, and the dielectric constants 
describe the permittivity of a material, the SPR of gold NPs are strongly sensitive to 
the size and dielectric properties of the surrounding medium. The SPR band is also 
dependent on the shape of metallic nano-clusters [78, 90, 91]. 
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Figure 3.3 Schematic description of electronic cloud displacements in NPs under the effect of a 
electromagnetic wave. Redrawn from [14].  
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Figure 3.4 UV-visible spectra of BSPP-complexed 10 nm NPs (red), 20 nm NPs (blue) and 40 nm NPs 
(green) in water. 
 
It was observed that mono-dispersed BSPP-complexed 10 nm, 20 nm and 40 nm NPs 
in water produced a red colour solution, and showed surface plasmon resonance peaks 
(λmax) of 520 nm, 526 nm and 529 nm respectively which are in agreement with 
reported values [17]. The red colour of the gold NP solution is explained by Mie 
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scattering, which is the solution for Maxwell’s equation for an electromagnetic light 
interacting with small spheres. It was found that for NPs much smaller than the 
wavelength of light, the dipole oscillation contributes significantly to the extinction 
cross-section [90]. 
 
There is a small red-shift in the λmax with the increase in NP diameter and this is 
attributed to the effect of electromagnetic retardation in larger NPs [17, 78, 90]. When 
the NPs are larger, the higher-order electromagnetic modes of oscillation become 
more important as light can no longer polarize the NPs homogeneously. These higher-
order modes peak at lower energies and therefore the λmax  red-shifts with increasing 
NP size [78, 90].  
3.6.5 Characterisation of peptide 1 
3.6.5.1  HPLC and Mass Spectroscopy 
Peptide 1 was synthesized manually using Fmoc chemistry [62]. The synthesized 
peptide 1 showed a single peak in HPLC (reverse phase) absorbance at 214 nm 
(amide absorbance), when acetonitrile gradient from 0 to 90 % was run over 15 min. 
The single peak indicated that there was one material present (Figure 3.5). The low 
signal intensity is due to poor solubility of the hydrophobic peptide. 
 
 Figure 3.5 HPLC trace of peptide 1 at absorbance of 214 nm (amide bond absorbance). 
 
Peptide 1 was analysed using electrospray ionisation mass spectroscopy, and positive 
ions were monitored. Mass spectroscopy analysis showed the expected mass of 547 
for [M + H+](Figure 3.6). M calculated = 546. The presence of Na+ comes from 
glassware in the apparatus. 
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Figure 3.6 ESI mass spectrum of peptide 1. 
3.6.5.2  NMR spectroscopy, Raman spectroscopy, FTIR, 
fluorescence spectroscopy and UV-visible spectroscopy  
1H-NMR spectrum of peptide 1 (Figure 3.7) in deuterate dimethyl sulfoxide (DMSO) 
showed peaks at 2.26 (t, 1H, 3J(H,H)=8.4), 2.80 (m, 3H), 3.06 (dd, 1H, 3J(H,H)=4.4, 
4J(H,H)=13.6), 3.53 (dd, 1H, 3J(H,H)=5.9, 4J(H,H)=16.7),  3.65 (dd, 1H, 3J(H,H)=5.9, 
4J(H,H)=16.7), 4.57 (m, 1H), 4.33 (m, 3H), 7.24 (m, 6H), 7.34 (t, 2H, 3J(H,H)=7.2), 
7.43 (t, 2H, 3J(H,H)=7.5), 7.56 (t, 1H, 3J(H,H)=5.5), 7.72 (d, 2H, 3J(H,H)=7.6), 7.9 (d, 
2H, 3J(H,H)=7.6),  8.16 (dd, 2H, 3J(H,H)=3.2, 4J(H,H)=8.1). 
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Figure 3.7 
1H-NMR of peptide 1. 
 Figure 3.8 (A) Fluorescence spectrum and B) UV-visible spectrum of peptide 1. 
 
Fluorescence spectroscopy was used to assess whether π−π interactions took place 
between the Fmoc groups. π−π interactions are the attractive interactions between π-
electrons in the aromatic rings, and previous studies have reported that these 
interactions can drive aromatic peptides to form self-assembled structures such as 
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nanotubes [92], hollow spherical structures [93], nano-fibres [56, 57] and β sheets 
[56]. Xu and co workers reported that Fmoc-protected amino acids and dipeptides 
were able to spontaneously form hydrogels upon application of a pH switch, and also 
found that the pH at which gelation took place varied with the amino acid sequence 
[57].  
 
Fluorescence spectroscopy measurements of 50 µM peptide 1 showed a broad 
emission at 320 nm (λexcitation =290nm), confirming that the Fmoc groups interact in 
an anti-parallel mode through π−π interactions ( Figure 3.8) [57, 94, 95]. When the 
concentration of peptide 1 was increased to 8.23 mM, a second emission at 377 nm 
was seen, which indicates that there is stacking of multiple Fmoc moieties [56, 95]. 
For π-electrons to interact,  the distance between two aromatic groups need to be 
approximately 3.4 Ǻ apart [96], hence the higher peptide concentration enabled more 
π−π interactions to occur by bringing the Fmoc groups closer to each other. UV-
visible spectroscopy of 50 µM peptide 1 showed a peak at 274 nm, confirming the 
presence of Fmoc group and Phe. When the peptide concentration was increased to 
8.23 mM, we saw a shift in peak to 301 nm, which also indicates that π−π interactions 
took place between the Fmoc groups ( Figure 3.8). Bao et al studied the self-assembly 
of triphenylbenzene and found that a red-shift in UV-visible spectra was observed 
when π−π interactions took place between the molecules [97]. 
 
Raman spectrum of peptide 1 (Figure 3.9) showed peaks at 1236 and 1665 cm-1 
indicative of amide III and amide I respectively. The peak at 2571 cm-1 indicates 
presence of SH. Peaks at 413, 443, 465, and 517 cm-1 were also observed, which 
indicate that a fraction of the peptides have cross-linked via a S-S bond. The proposed 
Raman peak assignments are shown in Table 3.3. 
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Figure 3.9 Raman spectrum of peptide 1 (solid) obtained using a 785 nm laser. 
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Peaks Assignments References 
415, 443, 465, 561, 517 S-S stretch [98] 
561, 587 Aromatic ring deformation [98] 
622 CC ring twist [99, 100] 
728 CH2 twist, CH3 rock [100] 
742 C-S stretch [98] 
781, 796 Aromatic ring out of plane deformation [98] 
840, 855 C-N-C stretch [98] 
876, 945 Aromatic ring out of plane deformation [98] 
1003, 1023 Aromatic ring CH symmetrical stretch [99, 100] 
1047, 1079 
C-C vibration, aromatic ring CH in-plane 
deformation 
[98] 
1105 C-N stretch [99] 
1156 C-N stretch, C-C stretch [62, 99] 
1183, 1194, 1206 C-N stretch [98] 
1236 C-N stretch, Amide III [98, 100] 
1297 C=O stretch [101-103] 
1321 S-CH2 (CH2 wagging) [98] 
1349 CH torsion [100] 
1448 CH2 scissor vibration [98] 
1484 (CH2)n vibration [98] 
1582 C=C symmetrical stretch [100] 
1614 C=C [98] 
1665 C=O stretch, Amide I [98] 
1697 N-H stretch, Amide II [98] 
2571 S-H stretch [61, 98] 
 
Table 3.3 Proposed peak assignments for the Raman spectrum from peptide 1 obtained using a 785 nm 
laser. 
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Fourier transform infra-red (FTIR) of peptide 1 (Figure 3.10) showed peaks at 3278 
cm-1 indicative of C-H and N-H bonds, 2554 cm-1 and 1699 cm-1  (SH), 1634 cm-1 and 
1673 cm-1 (NH-C=O), 1534 cm-1 (C=C), 1437 cm-1 (NH and N-C=O), 1245 cm-1 and 
1227 cm-1 (C-N) and 738 cm-1 (NH) [104].Furthermore, the peaks at 1699 cm-1, 1634 
cm-1 and 1673 cm-1 are indicative of the formation of a β-sheet peptide structure [94]. 
The observed results compare well to previous studies which found that Fmoc-
dipeptides self-assemble into β-sheet through an anti-parallel π-stacking of Fmoc 
moieties [56, 57, 95]. Ulijn and co-workers studied the self-assembly of Fmoc-
diphenylalanine (Fmoc-FF) and found that the Fmoc groups of the dipeptide interact 
to form  β-sheets. Computer modeling results showed that the arrangement of the 
peptides was such that a stack of peptide sheet was positioned alongside another stack 
of peptide sheet, and the Fmoc groups interlocked to form a twist in the β-sheets. The 
β-sheets further self-assembled to form cylindrical structures, with a width of 3 nm. 
TEM observations however showed ribbons with widths of 18.5 to 54.5 nm, 
suggesting that the ribbons were composed of at least 5 basic fibres stacked side by 
side  [56].  
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Figure 3.10 FTIR spectrum of peptide 1. 
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3.6.5.3 DLS and NTA 
Using Ortep computer visualization [84], the dimension of peptide 1 was estimated to 
be a cylinder of 1 x 3 nm. To investigate the size of peptide 1 under physiological 
conditions, the hydrodynamic diameters of peptide 1 in 10 mM phosphate buffer, pH 
8 was measured using DLS and NTA. DLS measurement of peptide 1 (1 nmol) 
exhibited a single peak of 228 nm, whereas NTA measurements exhibited a multi-
modal distribution with a mean size of 77 nm. The principles governing these 
techniques and difference in sensitivity between the two are previously described in 
chapter 2 and section 3.7.3.1 respectively. The larger measured size of peptide 1 
compared to dimensions obtained by computer visualisation is suggestive of the 
interactions of peptides through π−π interactions from the Fmoc-groups. However, 
both techniques measure the hydrodynamic diameter, which is also dependent on the 
formation of hydration shells around the peptide, and the shape of the peptide. Since 
both the software in DLS and NTA analyse scattered light based on that of a spherical 
particle [69, 88, 89], the measurements might not accurately reflect the system. 
Assuming that peptide 1 self-assembles to form fibres, the translation diffusion of the 
fibres and the way the fibres scatter light would be different from that of a spherical 
particle.  
3.7 Self-assembly of peptide 1-functionalised gold nanoparticles 
It was shown that BSPP-complexed NPs are stable in a physiological buffer (10 mM 
phosphate buffer, pH 8) and that peptide 1 is able to self-assemble through π−π 
interactions between the Fmoc groups. Following from these findings, the interaction 
of peptide 1 with 10 nm, 20 nm and 40 nm NPs was studied by adding peptide 1 at 
1000 times molar excess to the gold NPs. Excess peptide was used to ensure 
maximum surface coverage of the gold NPs. The attachment of peptide 1 (Fmoc-Gly-
Phe-Cys) is provided by SH group in the Cys residue, and it is postulated that after 
attachment of peptide 1 to the gold NP surface, aggregation of peptide 1-NPs  would 
be driven by π−π interactions between the Fmoc groups.  
 
The self-assembly of peptide 1-NPs was then characterised by TEM, UV-visible 
spectroscopy, DLS, NTA, zeta-potential and Raman spectroscopy. 
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3.7.1 UV-visible spectroscopy and TEM 
As mentioned in 3.2, gold NPs in solution exhibit a characteristic red colour when 
well-dispersed and a blue colour solution when aggregated. It was found that 100 mM 
NaCl was needed for the aggregation of 10 nm peptide 1-NPs (as observed by a 
change in colour from red to blue). Hence, 100 mM of NaCl was added to each 
population of gold NPs (10 nm, 20 nm, 40 nm), so as to maintain the same 
experimental conditions.  
 
It has been reported that Au NPs flocculate in the presence of salt [105]. It was 
observed that addition of 100mM NaCl to NPs in the absence of peptide 1 resulted in 
irreversible precipitation of the NPs, but when peptide 1 is present, it was possible to 
purify the peptide 1-NPs by centrifuging and re-suspending the conjugates in buffer or 
water to yield a blue colour solution. It is likely that the attachment of peptide 1 to the 
NP surface shields the NPs from the NaCl, and the presence of NaCl helped to 
encourage π−π interactions between Fmoc groups by shielding electrostatic 
interactions. 
 
The surface plasmon resonance (SPR) peak (λmax) of peptide-1 gold NPs was 
monitored up to 48 h using UV-visible spectroscopy. When NPs are brought into 
close proximity (within ~2.5 times the particle diameter), the surface plasmons couple 
in a distance-dependent manner [27]. As the interparticle distance decreases, the 
coupled plasmon resonance wavelength red-shifts [30]. A red-shift in λmax for all three 
populations of NPs (10 nm, 20 nm, 40 nm) was seen after 150 min, indicating an 
increase in the size of the assembly of NPs, and the solutions of gold NPs changed 
from red to blue (Figure 3.12). When a control peptide COCH3-Gly-Phe-Cys (peptide 
2) was added to the NPs, no red-shift was seen in the UV-visible spectrum, indicating 
that the terminal Fmoc group and π−π interactions are dominant forces in driving NP 
assembly. A typical π-π interaction is about 2 kJ mol-1 [106], and although π−π 
interactions can occur either in parallel or in an anti-parallel conformation [106, 107], 
previous results have shown that Fmoc groups in peptide 1 interact via an anti-parallel 
conformation (section 3.6.5.2). Ongoing work is in progress to determine the structure 
of peptide 1-NPs using small angle X-ray scattering (SAXS), further discussed in 
section 3.7.1.6.  
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Figure 3.11 UV-visible spectra of 10 nm, 20 nm and 40 nm gold NPs before and 150 min after 
addition of peptide 1. 
 
Figure 3.12 The change in colour of (A) 10 nm (B) 20 nm (C) 40 nm gold NP solution after 
functionalization of the NPs with peptide 1. 
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The shifted  λmax at longer wavelengths (from ~550 nm up to wavelengths in the infra-
red) has been referred to as the extended plasmon resonance and its position depends 
on the interaction of surface electrons in the aggregates. In aggregates with weak 
interparticle interactions, only broadening and some red-shift of the SPR peak occurs 
whereas with strong interparticle interactions, a new absorption band is observed [22]. 
In the experiments reported here, an increase in λmax was observed with increasing 
time following functionalisation of the NPs with peptide 1, which indicates the 
formation of bigger peptide 1-NPs aggregates. The 10 nm peptide 1-NPs however 
reached a saturated λmax after 24 h and this may be attributed to the smaller size of the 
NPs which resulted in faster aggregation rates. This will be discussed in more detail in 
section 3.7.1.3. 
 
TEM images of all populations of gold NPs showed assembly of NPs had occurred 24 
h after addition of peptide 1 (Figure 3.13), consistent with results from UV-visible 
spectroscopy.   
 
Figure 3.13 TEM images of (A) 40 nm, (B) 20 nm, (C) 10 nm peptide 1-NPs. Insets represent mono-
dispersed NPs prior to functionalization with peptide 1. 
3.7.1.1  Quantification of Changes in the UV-visible 
Spectra 
To characterize the change in the state of aggregation of 10 nm, 20 nm, 40 nm NPs 
after functionalization with peptide 1, two semi-quantitative parameters to the UV-
visible spectra were employed, namely the flocculation parameter and the 
aggregation/dispersion (A/D) ratio (Figure 3.14). The flocculation parameter is more 
commonly used in the literature than the A/D ratio to quantify shifts in the UV-visible 
50 nm 50 nm 50 nm
50 nm 50 nm 50 nm
A B C
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spectrum of NPs and the flocculation parameter is defined as the integral of the UV-
visible spectrum from 600 to 800 nm [108, 109] (Figure 3.14). The term 
“flocculation” was used in the literature to include aggregates and agglomerates since 
the definition between the latter two is not always easily determined [108]. 
Whitesides and co-workers employed the flocculation parameter to conduct an 
extensive study on the stability of 40 nm gold NPs capped with alkanethiol 
derivatives in solutions over a range of pH (1 to 13). They reported that when 
carboxylic acid derivatized alkanethiol-capped NPs in solution with pH varying from 
3 to 7, less flocculation of the NPs occurred, which gave a value between four to six 
for the flocculation parameter over 16 h. These carboxylic acid derivatized 
alkanethiol-capped NPs flocculate at acidic pH (1 to 3) and at basic pH (7 to 13), and 
gave a flocculation parameter value between 8 to 14 over 16 h [108]. 
 
Figure 3.14 The characterisation of peptide 1-NPs using UV-visible spectroscopy. (A) Diagram 
illustrating the area under the UV-visible spectrum used for the calculation of flocculation parameter in 
(B) [108, 109]. (C) Diagram illustrating the areas under UV-visible spectrum used for the calculation of 
A/D ratio, as explained in (D). The inset schematics represent the aggregation state of NPs for the 
respective wavelength ranges. (D) Calculation of the A/D ratio, modified from [110].  
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Chowdhury et al. used a B/A ratio to characterise the aggregation of 15.5 nm gold 
NPs functionalised with oligonucleotides [110]. The B/A ratio compared the area 
under the single particle plasmon resonance peak (A) to that of the area under the 
aggregated particle plasmon resonance peak (B). In their work, the ratio was 
computed by the integral of the UV-visible spectra from 570 to 750 nm (region B) 
divided by the integral of the UV-visible spectra from 490 to 540 nm (region A) [110]. 
Aggregated oligonucleotides-functionalised NPs gave a B/A ratio between 2.2 to 4.0, 
whereas non-aggregated samples gave a B/A ratio between 1.1 to 1.6. 
 
The determination of wavelengths for both the flocculation parameter and the B/A 
ratio is based on Mie scattering which states that as NPs aggregate, there is a shift of 
the SPR peak to higher wavelengths [109]. However, the exact wavelengths used for 
the two parameters were tailored to suit the UV absorbance spectra of NPs in their 
experiments. Hence, the B/A ratio was modified to an A/D ratio in the experiments 
here to better reflect changes in the UV-visible spectra after addition of peptide 1. The 
A/D ratio is computed by the integral of the UV-visible spectra from 550 to 700 nm 
divided by the integral of the UV-visible spectra from 490 to 540 nm (Figure 3.14).   
 
Both the flocculation parameter and A/D ratio showed an increase after addition of 
peptide 1, confirming the increase in size of NP assembly (Table 3.4). The 
flocculation parameter for 10 nm, 20 nm and 40 nm NPs increased from 6.83 to 41.29, 
8.57 to 16.88 and 21.78 to 26.31 respectively, 48 h after addition of peptide 1. The 
A/D ratio for 10 nm, 20 nm and 40 nm NPs increased from 0.78 to 3.60, 0.80 to 3.48 
and 1.03 to 3.35 respectively, 48 h after addition of peptide 1. The magnitudes for 
both flocculation parameter and A/D ratio before and after addition of peptide 1 
match well with the reported values for a NP dispersion versus an aggregated NP 
assembly as previously discussed [108, 110].  
 
The flocculation parameter however showed a slight decrease in value between 50 
min and 150 min for 20 nm peptide-1 NPs and 40 nm peptide-1 NPs, and is likely due 
to the larger size of these NPs which leads to precipitation of peptide 1-NPs 
aggregates, hence decreasing the intensity of the SPR. Since the flocculation measures 
the absolute intensity of the SPR, a reduction in the number of NPs in solution will 
reduce its value. The A/D ratio however does not suffer from this limitation since it is 
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calculated from the relative areas of the denoted A and D regions being compared. 
The results suggest that A/D ratio is a more robust parameter when compared to the 
flocculation parameter as it also takes into account the change in spectral shape in a 
more extended region in the UV-visible spectra. 
 
 
 Time following 
addition of peptide 1 
λmax A/D ratio Flocculation 
parameter 
0 min 520 ± 2 0.78 ± 0.04 6.83 ± 0.13 
50 min 593 ± 3 3.31 ± 0.13 55.2 ± 1.3 
150 min 600 ± 2 3.5 ± 0.3 38 ± 2 
1440 min 607 ± 3 3.6 ± 0.3 41 ± 3 
10 nm NPs 
2880 min 607 ± 1 3.6 ± 0.3 41.3 ± 1.9 
     
0 min 526 ± 1 0.80 ± 0.06 8.6 ± 0.5 
50 min 666 ± 2 3.9 ± 0.08 75 ± 4 
150 min 676 ± 3 4.0 ± 0.6 35 ± 5 
1440 min 699 ± 3 3.5 ± 0.4 23 ± 6 
20 nm NPs 
2880 min 703 ± 2 3.5 ± 0.3 17 ± 2 
     
0 min 529 ± 1 1.03 ± 0.07 21.8 ± 0.9 
50 min 672 ± 3 3.3 ± 0.3 76.98 ± 0.06 
150 min 858 ± 3 3.4 ± 0.2 34 ± 5 
1440 min 896 ± 2 3.1 ± 0.5  25 ± 4 
40 nm NPs 
2880 min 904 ± 3 3.4 ± 0.4 26 ± 5 
 
Table 3.4 The characterisation of 10 nm, 20 nm, 40 nm peptide 1-NPs, using the surface-plasmon 
resonance peak (λmax), A/D ratio and flocculation parameter at 0, 50, 150, 1440, 2880 min after 
addition of peptide 1. 
3.7.1.2  Zeta Potential and Raman Spectroscopy 
Measurement of the zeta potential enabled characterization of the change in surface 
charges on the NPs before and after addition of peptide 1. The zeta potential of NPs 
after attachment of peptide 1 were less negative (Table 3.5). Attachment of the neutrally 
charged peptide 1 to NPs is expected to displace the negatively charged BSPP, resulting 
in a less negative zeta potential as observed here. 
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 Zeta Potential (mV) 
 10 nm NPs 20 nm NPs 40 nm NPs 
Before peptide 1 addition -29 ± 3 -30 ± 3 -32.9 ± 1.5 
2 h after peptide 1 addition -24.7 ± 1.3 -26 ± 2 -29 ± 3 
 
Table 3.5 Zeta potential of 10 nm, 20 nm, 40 nm NPs before and after addition of peptide 1. 
 
Raman spectroscopy was used to characterise 20 nm NPs before and after addition of 
peptide 1 to determine the change in chemical functionalities on the gold surface. 
Raman spectroscopy of 20 nm NPs prior to addition of peptide 1 showed peaks at 880, 
1336 and 1638 cm-1 from stabilizer BSPP (Figure 3.15). After addition of peptide 1, it 
could be seen that peaks due to BSPP were replaced by peaks from aromatic rings and 
amide bonds from peptide 1 (Figure 3.15). The proposed band assignments for the 
raman peaks are shown in Table 3.6. These observations confirmed that peptide 1 was 
able to attach to the gold surface by displacing the BSPP.  
 
In contrast to the Raman spectrum of peptide 1 (Figure 3.9), no peak at 2571 cm-1 due 
to SH was seen, confirming cleavage of the S-H bond upon formation of the thiolate 
bond. It has been reported that although vibrational peaks due to gold-thiolate bond 
should appear between 200 to 235 cm-1, it is difficult to detect the Raman peak 
experimentally as the scattering from gold colloids is not sufficient enough [111]. The 
peak at 406 and 513 cm-1 are indicative of the presence of S-S bonds, which may 
suggest that peptide 1 adsorbs on the gold surface via the electron lone pairs of the 
disulfide bridge without its cleavage. This phenomenon has been previously reported 
by Podstawka et al. where Cys-Cys were able to adsorb on gold NPs via a S-S bond 
[100]. In addition, a peak at 760 cm-1 due to C-S bond is seen in the Raman spectrum 
of 20 nm peptide 1-NPs but not in the Raman spectrum of peptide 1. This observation 
supports the argument that formation of the gold-thiolate bond enhances the peak 
from C-S bond due to closer distance to the gold NP surface. 
 
The nature of sulphur/gold interface however remains a widely discussed area [81, 
112], as well as the controversy of the possible formation of S-S bonds in the 
sulphur/gold interface [81, 83]. The electronegativity of sulphur is very close to that 
of gold (2.58 for S versus 2.54 for Au), hence the formation of a covalent Au-S bond 
96/206 
with small negative charges on adsorbed S and S2 species is possible [82]. It has been 
shown that sulphur bonded to Au(111) at room temperatures are reactive enough to 
form S-S bonds when sulphur is present at high coverages. When the overall coverage 
of sulfur decreases, atomic S bonded to Au(111) is more likely [82]. Since peptide 1 
is added in 1000 molar excess to the NPs, the raman spectrum in Figure 3.15 suggests 
that the peptide was attached to Au by S-S bonds. Another possibility could be the 
cross-linking of peptide 1 through the S-S bonds, as shown in Figure 3.16. 
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Figure 3.15 (A) Raman spectrum of 20 nm NPs stabilised with BSPP, prior to addition of peptide 1. (B) 
Raman spectrum of 20 nm peptide 1-NPs. λexcitation = 785 nm. 
 
 
 
 
                                        
                                        
                                        
                                        
                                        
                                        
                                        
5 0 0 1 0 0 0 1 5 0 0
0
2 0 0 0
4 0 0 0
6 0 0 0
8 0 0 0
A
 
 
(C -S  s tre tc h , 
a ro m a tic  r in g  v ib ra t io n )
(C H
3
 w a g g  fro m  P -C H
3
)
C = C  s tre tc h
8 8 0
1 6 3 8
1 3 3 6
In
te
n
s
it
y
 /
 A
.U
.
R am an  sh ift / cm
-1
                                        
                                        
                                        
                                        
                                        
                                        
                                        
4 0 0 6 0 0 8 0 0 1 0 0 0 1 2 0 0 1 4 0 0 1 6 0 0 1 8 0 0
2 0 0 0
4 0 0 0
6 0 0 0
8 0 0 0
1 0 0 0 0
1 2 0 0 0
1 4 0 0 0 B
 
 
A m id e  I
A m id e  II I
1 6 6 5
1 6 1 3
1 5 8 2
1 4 3 9
1 4 8 2
1 3 4 5
1 2 9 7
1 2 2 0 ,
1 2 3 5
1 1 5 7
1 1 0 5
1 0 2 5
1 0 0 4
9 3 0
7 2 8 ,
7 4 3
6 2 2
5 1 3
4 0 6
In
te
n
s
it
y
 /
 A
.U
.
R am an  sh ift / cm
-1
98/206 
Peaks Assignments References 
406 C-C-C stretch [113] 
513 S-S stretch [99] 
622 Phe ring twist (C-C) [99, 100] 
728 CH2 twist, CH3 rock [100] 
743 Phe ring stretch [100] 
760 C-S stretch [100] 
930 C-C stretch [99] 
1004, 1025 CH symmetric stretch from aromatic rings [99, 100] 
1105 C-N stretch [99] 
1157 C-N stretch, C-C stretch [62, 99] 
1220 C-C-H deformation [100] 
1235 Amide III , C-N deformation [99, 100] 
1297 C=O stretch  [101-103] 
1345 CH2 torsion [100] 
1439 Aromatic ring stretch, deformation CH2 [100] 
1482 Aromatic ring stretch [101] 
1582 C=C symmetric stretch from aromatic rings [99] 
1613 Aromatic ring stretch [101, 103, 
113] 
1665 C=O stretch, Amide I [99] 
 
Table 3.6 Proposed band assignments for the Raman spectrum of 20 nm peptide 1-NPs. 
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Figure 3.16 Proposed mechanism for the attachment of peptide 1 on gold NP. Peptides could 
potentially also form disulphide bridges via cysteine residues. 
   
3.7.1.3  In-Situ Monitoring of Peptide 1-NPs Assembly 
The in-situ monitoring of the self-assembly of NPs driven by biomolecules is 
relatively unreported. Peptide 1 was added to the gold NPs solution, and interaction of 
peptide 1 with gold NPs was monitored in situ by performing DLS and NTA 
measurements at time points of 5, 15, 25, 50, 120 and 180 min (Table 3.7). DLS 
measurements of all NPs showed an increase in the hydrodynamic diameters over 
time, with the 10 nm NPs showing the largest shift from 12.7 nm at 0 min to 1704 nm 
at 20 min (Figure 3.17). For 10 nm NPs, a change from the initial single distribution 
to a bi-modal distribution was seen at 5 min which changed to a tri-modal distribution 
at 20 min. For the 20 nm and 40 nm NPs, a broadening of the NP distribution and a 
tail at 5540 nm and 5630 nm was seen at 5 min respectively. At 20 min, the 
hydrodynamic diameters of the 20 nm and showed an appearance of a 2nd peak which 
is indicative of aggregates of 5734 nm. The observations showed that the 
hydrodynamic diameters showed a faster rate of increase with the smaller 10 nm and 
20 nm NPs. This is likely due to the relatively higher diffusivity of 10 nm and 20 nm 
NPs, which promotes aggregation at faster rates, resulting in bigger aggregate sizes. 
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  DLS NTA   DLS NTA 
 Time 
/ min 
d/ nm d/ nm  
 
Time 
/ min 
d/ nm d/ nm 
0 13 ± 3 15 ± 2  0 30 ± 12 34 ± 7 
5 1060 ± 800 190 ± 130  5 500 ± 300 120 ± 30 
20 1700 ± 1500 250 ± 30  20 800 ± 500 126 ± 13 
35 1900 ± 1500 256 ± 3  35 900 ± 600 175 ± 70 
50 1800 ± 1300 250 ± 110  50 1100 ± 700 170 ± 70 
120 1700 ± 1000 470 ± 400  120 1200 ± 900 230 ± 50 
10 nm 
NPs 
180 2300 ± 2000 540 ± 100  
20 nm 
NPs 
180 1400 ± 800 390 ± 90 
0 45 ± 12 57 ± 30  
5 320 ± 180 100 ± 30  
20 600 ± 300 110 ± 50  
35 700 ± 400 160 ± 16  
50 1000 ± 500 230 ± 180  
120 1100 ± 1500 180 ± 100  
40 nm 
NPs 
180 1600 ± 1000 320 ± 140  
 
Table 3.7 Measurement of the hydrodynamic diameter, d of peptide 1-NPs using DLS and NTA. 10 
nm, 20 nm and 40 nm NPs were measured before the addition of peptide 1 (0 min) and monitored up to 
180 min after addition of peptide 1. 
 
The hydrodynamic diameters of all peptide 1-NPs when measured by DLS at any 
given time were bigger than when measurements were performed by NTA (Figure 
3.18). This was probably because the need for single particle resolution in NTA meant 
that a lower concentration was used than in DLS studies resulting in a slower rate of 
NP aggregation. Attempts to lower the NPs concentration in DLS studies produced 
intensities that were too low for reliable cumulants fitting. Despite the difference in 
concentration, the same trend in the increase of hydrodynamic sizes was seen from 
measurements with both techniques (Figure 3.18). Thus, the larger particle sizes 
reported in the DLS studies were likely to be due to the combined effect of faster 
aggregation rates due to higher reagent concentrations used, and the effect of bigger 
aggregates which then dominated the signal and bias the results accordingly.  
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Figure 3.17 DLS measurements of (A) 10 nm, (B) 20 nm and (C) 40 nm NPs before (▬), 5 min (▬) and 20 min  (▬) after 
peptide 1 addition. 
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Figure 3.18 Hydrodynamic diameters of 10 nm (-■-), 20 nm (-•-) and 40 nm (-▲-) gold NPs from 5 to 
50 min after addition of peptide 1 measured by (A) NTA and (B) DLS. Data plotted from Table 3.7. 
 
It is expected that an aggregating system will result in a broad (e.g. log-normal) 
distribution of particle sizes during the aggregation process and that a poly-disperse 
profile would be usually encountered. Furthermore, due to the intensity bias inherent 
in DLS, the apparent presence of a peak in the 5 µm region (for 20 nm and 40 nm NPs) 
could suggest an extremely low number of such large particles compared to the very 
high number of 100 nm particles that must have been present in order to produce a 
peak themselves, in the case of 10 nm NPs at 5 min. It is also possible that the tri-
modal profile obtained for 10 nm NPs at 20 min after peptide 1 addition is a result of 
over-resolving of the correlation function by the cummulants fitting of the DLS 
software, and may not reflect the true distribution of the system. Since NTA does not 
suffer from this limitation, as particles are tracked individually, NTA measurements 
showed a poly-disperse particle size distribution reflecting the true distribution 
expected (Figure 3.19). Furthermore, the NTA distribution shows a low number of 
larger particles which are over-represented in DLS through the intensity bias. It 
should be noted however, that NTA will become increasingly less accurate in terms of 
particle size measurements when the particles exceed approximately 1 µm and fall in 
number.  
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Figure 3.19 (A) DLS measurements of 10nm NPs 20 min after addition of peptide 1. The intensity 
weighted distribution is plotted and a tri-modal distribution was observed. (B) NTA measurements of 
10 nm NPs 20 min after addition of peptide 1. A frequency distribution of the occurring particle 
diameters is plotted which showed a multi-modal distribution.  
 
The size of the aggregates increased with time as shown by DLS and NTA 
measurements up to 3 h (Table 3.7). Regardless of the difference in concentration for 
the two techniques, it was found that the smaller 10 nm NPs produced the largest 
hydrodynamic diameter of peptide 1-NPs which suggests that the aggregation is likely 
to be diffusion limited. The 10 nm NPs have a relatively higher diffusivity than the 20 
nm and 40 nm NPs, which allows aggregates of NPs to grow at a faster rate. During 
the analysis of the videos of NPs captured using NTA at 1 h after addition of peptide 
1, the scattered light from the NPs could be seen as spots which gave an average 
particle jump approximately 80 % less than that of the dispersed NPs under Brownian 
motion. The decrease in average particle jump of the NPs is analogous to movement 
of a larger NP, which indicates an increase in the hydrodynamic diameter after 
addition of peptide 1. Figure 3.20 shows a still-image of the videos taken by NTA of 
40nm NPs before and 1 h after addition of peptide 1.  
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Figure 3.20 Images captured using NTA of 40 nm NPs (A) before and (B) 1 h after addition of peptide 
1. 
 
As pointed out in section 3.6.5.3, DLS and NTA measure the hydrodynamic diameter, 
which is dependent on the formation of hydration shells, and the shape of the peptide 
1-NP conjugates. Since both the software in DLS and NTA analyse scattered light 
based on that of a spherical particle [69, 88, 89], the measurements might not 
accurately reflect the system here since non-spherical shapes would diffuse and 
scatter light differently from a spherical particle. In spite of these limitations, results 
shown that peptide 1 is able to drive the self-assembly of 10 nm, 20 nm and 40 nm 
NPs, and 10 nm NPs showed the fastest rate of aggregation over a period of 48 h due 
to their higher diffusivity. There is on-going work to determine the structure of 
peptide 1-NP conjugates using SAXS, which will be discussed in section 3.7.1.6. 
3.7.1.4  Estimation of NP surface coverage by peptide 1 
Attempts to quantify the amount of peptides attached per NP through experimental 
techniques such as UV-visible spectroscopy and fluorescence were not successful, as 
the concentrations used are beyond the analytical limit of the techniques. We assumed 
that peptide 1 has dimensions of a cylinder 1 x 3 nm (section 3.6.5.3), and estimated 
the surface coverage of peptides based on dividing the surface area of the NP by the 
surface area occupied by the peptide. We assume that the maximum surface coverage 
would be achieved when all peptides were in a vertical orientation, and the lowest 
surface coverage would be achieved when the peptides were horizontally arranged on 
the surface. The NP surface area is calculated based on that of a sphere. Estimations 
based these considerations give 26-79 peptides / NP for a 10 nm NP, 105-314 
peptides / NP for a 20 nm NP and 419-502 peptides / NP for a 40 nm NP.  
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3.7.1.5  Conclusions 
Properties of BSPP-complexed gold NPs were characterized using a wide range of 
techniques and it was shown that BSPP-complexation of gold NPs is a suitable 
approach for use of this work as it enabled isolation of NPs and multiple re-
suspension into buffer or water for purification purposes. Peptide 1 was successfully 
synthesized and characterized, and the conditions for the functionalization of gold 
NPs with peptide 1 were optimized. The self-assembly of peptide 1-NPs was 
characterized with a wide range of techniques, including a new particle analysis 
technique, NTA.  
 
Results suggested that the self-assembly of peptide 1-NPs was diffusion dependent, 
and 10 nm NPs showed the fastest rate of aggregation over a period of 48 h due to 
their higher diffusivity. As the 10 nm NPs were smaller than the 20 nm and 40 nm 
NPs, we did not face any problems with precipitation of 10 nm peptide 1-NPs unlike 
the 20 nm and 40 nm peptide 1-NPs. 
3.7.1.6 Further work 
SAXS is an X-ray diffraction technique which can be used to study the structure of 
nanomaterials [70, 79, 114-117], and is useful in characterizing the self-assembly of 
peptide 1-NPs. Here, the preliminary results, conclusions, and further work that is on-
going is briefly discussed. SAXS measurements and analysis of SAXS data were done 
in collaboration with Mr. T Smart and Dr. G Battaglia from University of Sheffield, 
with the help of Mr. P Gryko, Imperial College. All SAXS measurement were fitted 
using scatter2 software [114]. 
 
SAXS measurements from 20 nm and 40 nm BSPP-stabilised NPs were fitted using a 
core-shell model, representing the gold NP core and the stabilising BSPP shell. Using 
the core-shell model, we were able to obtain measurements of the metallic core (inner 
diameter) and the metallic core plus the BSPP stabilising shell (outer diameter) as 
shown in Figure 3.21. Analysis of SAXS data for 20 nm and 40 nm BSPP-stabilised 
NPs gave a core diameter of 16 nm and 37 nm respectively, which is 7.5 % to 20 % 
smaller than the values stated by the manufacturer. Taking the difference between the 
inner and outer diameters, the measurements indicate that the BSPP hydrated shell is 
about 2 to 3 nm in thickness. 
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Figure 3.21 SAXS measurements (-о-) of (A) 20 nm and (B) 40 nm BSPP-stabilised gold NPs in water. 
The water background was subtracted from SAXS data. SAXS data were fitted using a core-shell 
model (▬) using scatter2 software [114]. The inner diameter represents the diameter of the metallic 
core and the outer diameter represents the diameter of the metallic core plus the BSPP stabilising shell.   
 
SAXS scattering curves from 20 nm and 40 nm peptide 1-NPs were background 
corrected by subtracting SAXS scattering curves of the respective BSPP-stabilised 
gold NPs. Without background correction, it was not possible to see any structural 
peaks due to the strong scattering of gold NPs. The remaining scattering curve 
showed broad peaks rather than sharp defined peaks, indicating an amorphous 
structure which lacks strong long-range order [70] (Figure 3.22). It was found that the 
lamellar model provided a good fit to the scattering curves. The lamellar model for 
peptide 1-NPs can be described as consisting of packed spheres containing a core with 
a homogeneous shell, and layers of peptide 1 as shown in Figure 3.23. The variable q 
is the scattering vector given by q = (4π sin θ)/λ where λ is the wavelength of the X-
ray radiation and θ is the scattering angle, and from which it is possible to deduce the 
average spacing between a repeating unit. The peak position of q relates to the Miller 
indices (hkl) for a crystal lattice plane, and the peak width can be related to the 
domain size D of an ordered domain via the Debye-Scherrer equation D =  2π/δ, 
where δ is the peak width [114]. Amorphous structures such as peptide 1-NPs 
however contain deviations to ideal crystal lattice points, and these deviations are 
represented in the displacement values [70, 114]. The values obtained from a lamellar 
A B
Inner diameter = 16 nm
Outer diameter = 18 nm
Inner diameter = 34 nm
Outer diameter = 37 nm
In
te
n
s
it
y
In
te
n
s
it
y
q / nm-1 q / nm-1
107/206 
fitting of the SAXS scattering curves of 20 nm and 40 nm peptide 1-NPs are shown in 
Table 3.8. The unit cell is defined as the size of repeating unit, or distance between 
lamellae layers and domain is the average size of each stack NP spheres plus peptide 
1 layers. 
 
Figure 3.22 SAXS scattering curves (-о-) for (A) 20 nm peptide 1-NPs and (B) 40 nm peptide 1-NPs 
after subtracting SAXS scattering curves from the respective BSPP-stabilised gold NPs. A lamellar 
model (▬) was fitted to SAXS data. 
 
 
Figure 3.23 Lamellar model used for SAXS fitting of peptide 1-NPs. Model consists of packed spheres 
containing a homogeneous shell and layers of peptide 1. 
 
 
 
 
 
In
te
n
s
it
y
q / nm-1
A
q / nm-1
In
te
n
s
it
y
B
108/206 
Sample q / nm
-1
 Unit cell / nm Domain / nm Displacement / nm 
20 nm peptide 1-NPs 0.30 22.8 1610 19.2 
40 nm peptide 1-NPs 0.14 39.4 705 39.7 
 
Table 3.8 Results obtained from lamellar fitting of SAXS scattering curves from 20 nm and 40 nm 
peptide 1-NPs. 
 
The results show that there is relatively large displacement in the structure, as would 
be expected from amorphous structures. The displacement values also correspond 
closely to the size of the gold NPs, showing that the NPs set the size in the lamellae 
layer as would be expected. It was not possible to obtain results from 10 nm NPs as 
the camera length used for these experiments was too short to obtain any useful 
information. 
 
The results, although preliminary, are encouraging as it was possible to measure the 
thickness of BSPP stabilising shell from 20 nm and 40 nm BSPP-stabilised NPs and 
show that there is a long-range order between 20 nm and 40 nm peptide 1-NPs, which 
is able to assemble peptide 1-NPs into a lamellar structure. Further work that could 
follow from the observations include: 
 
• Performing SAXS measurements on citrate-capped 10 nm, 20 nm, 40 nm NPs 
before and after addition of BSPP to characterise the thickness of different 
stabilising shells. 
 
• Investigating the structure of peptide 1 using SAXS and investigating the 
effect of varying peptide 1 concentration on the self-assembly of peptide 1. 
 
• Using a suitable camera length to measure SAXS scattering of 10 nm peptide 
1- NPs, and comparing the structures of 10 nm, 20 nm and 40 nm peptide 1-
NPs.  
 
• Investigating the self-assembly of peptide 1-NPs in-situ using SAXS. 
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Chapter 4 Design and Characterisation of Peptide-
Functionalised Gold Nanoparticles for Protease Sensing 
4.1 Introduction 
Enzymes are suitable candidate as biomolecules in the development of bottom-up 
strategies for the fabrication of small devices for several reasons: (i) Enzymes are 
nature’s nano-machines and are uniquely chemo, region and enantioselective [46]; (ii) 
enzymes work under mild conditions (aqueous, pH 5-8) [46]; (iii) many enzymes 
catalyse reactions near surfaces in vivo and are therefore well equipped to catalyse 
reactions at interfaces [47]; (iv) enzyme reactions are also reversible under 
appropriate conditions and it is thought that the favoured direction can be tuned at 
surfaces [118].  
 
Proteases are enzymes that hydrolyze proteins and peptides [46]. An estimated 2-3% 
of the mammalian proteome consist of proteases and many of these enzymes are 
involved in essential physiological functions such as immunological defence and cell 
differentiation. Several proteases are also involved in disease states, such as HIV, 
Alzheimer’s disease, Hepatitis C, Candida infections and pancreatitis [39]. Hence, 
materials that are triggered by these enzymes and allow for the accurate detection and 
quantification of enzymes directly in biological fluids are of great potential benefit to 
medicine. 
4.1.1 Bio-responsive Nanomaterials 
Peptide-functionalized NPs are useful systems for the detection of proteases, as 
protease-triggered changes in the peptides can be monitored through aggregation states 
of NPs. As previously explained in section 3.2, well-dispersed gold NPs in solution 
produce a red colour solution and aggregated gold NPs produce a blue colour solution. 
Guarise et al. made use of enzyme-cleavable peptides that were modified at both 
termini with acylated Cys residues [29]. The SH groups in the Cys termini were able to 
crosslink gold NPs, thus resulting in aggregates. When these peptides were exposed to 
the target protease, Cys termini were separated and upon addition of NPs a red shift in 
visible spectrum could be observed, indicating dispersed NPs. Zhao et al. used a similar 
approach involving magnetic nanoparticles as magnetic relaxation switches to detect 
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protease activity [59]. In this approach, protease-sensitive sequences were flanked at 
both termini by biotin molecules, while the NPs were coated with avidin. Both these 
methods use a sequential approach, whereby the enzyme action is followed by the 
separate addition of nanoparticles, these methods currently do not lend themselves to 
real-time monitoring of enzyme action. Brust et al. demonstrated that a number of DNA 
restriction and ligation enzymes could be used to assemble different populations of 
DNA coated gold NPs [119]. Harris et al demonstrated that magnetic NPs that carried 
either biotin or neutravidin capped with PEG chains via protease degradable linkers self 
assembled upon exposure to the target enzyme [58]. In these last two approaches two or 
more separate populations of NPs are required.  
4.2 Design of Protease Responsive Nanoparticles – Proof of 
Concept 
The aim of the work in this chapter was to design a conceptually simple novel 
approach to protease-responsive NPs, whereby only a single population of NPs and 
real-time monitoring of a protease can be achieved. For proof-of-concept 
demonstration, Thermolysin (TLN, classification number EC 3.4.24.27) from Bacillus. 
thermoproteolyticus Rokko [120] was chosen as the model test enzyme.  
4.2.1 Thermolysin as a Model Protease 
Thermolysin belong to the Zn2+ -metalloprotease family, and is one of the most 
studied metalloenzymes. Zn2+ -metalloproteases are involved in important 
biochemical processes such as tissue remodelling, extracellular matrix degradation, 
blood-pressure regulation and bacterial protein synthesis [121]. There is now wide 
interest in using zinc peptidases as model proteins for structure-based drug design 
[122], to be used for treatments of diseases such as tumor invasion, arthritis and bone 
destruction. 
 
Thermolysin exhibits high thermostability and narrow substrate specificity, and has 
been used for a catalyst in protein engineering [123]. It is also used for the synthesis 
of the artificial sweetener aspartame, and as inclusion in laundry detergents for 
removal of protein stains [124]. Thermolysin catalyses hydrolysis of the peptide bond 
specifically on the amino side (P1’) of large hydrophobic residues (Figure 4.1), in 
particular leucine, isoleucine and phenylalanine [121, 122, 124]. It has been shown 
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that thermolysin can hydrolyse or synthesize peptide bonds on a solid support [118, 
125, 126]. The conditions used will decide the equilibrium of the reaction towards 
hydrolysis or synthesis of the peptide bond.  
 
 
N terminus Pn…. P3 ▬ P2 ▬ P1 ↓ P’1 ▬ P’2 ▬ P’3….P’n C terminus
Site of enzymatic hydrolysis  
 
Figure 4.1 The definition of amino acid resides Pn to P’n on a peptide substrate. ↓ site of enzymatic 
hydrolysis [124]. 
 
In chapter 3, the successful assembly of gold NPs by peptide Fmoc-Gly-Phe-Cys (1) 
was demonstrated. It has been reported that thermolysin is able to hydrolyse peptide 
bonds of Fmoc-protected peptides attached to a poly-(acrylamide)-ethylene glycol 
(PEGA) support with high yields [127]. This makes thermolysin a good model 
protease for the proof-of-concept demonstration of the protease-sensing NP assembly.  
4.2.2 Choice of Nanoparticles 
Metallic NPs such as gold, silver and copper have interesting optical properties which 
can be manipulated by their shape, size and distribution [14, 90]. The susceptibility of 
silver [128] and copper NPs [129] to oxidation makes the modification of these NPs 
with peptides more difficult. Gold NPs are chosen as the chemistry for functionalising 
gold NPs with bio-molecules is well-established [31]. 
 
10 nm gold NPs were chosen as it was found that 10 nm peptide 1-NPs did not 
precipitate even after extended periods, whereas the 20 nm- and 40 nm- peptide 1-NPs 
precipitated after 24 h. The SPR peak of 10 nm peptide 1-NPs at 565nm was also 
nearest to the red region, which makes it more suitable for use as a colorimetric sensor, 
as further explained in 4.2.4. 
4.2.3 A Modular Approach for Peptide Design 
A thermolysin-cleavable peptide was designed to consist of three sections (i) a thiol 
containing Cys for anchoring onto gold, (ii) a protease cleavable section, and (iii) an 
assembly directing actuator which is the Fmoc group to control physical assembly 
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through π-stacking interactions. The modular approach of the peptide design is 
illustrated in Figure 4.2. 
 
 
Figure 4.2 Rational design of peptide sequence which demonstrates a modular approach for the 
detection of proteases. The sequence of peptide 1 is Fmoc-Gly-Phe-Cys-NH2. 
 
(i) Attachment of peptide to gold NPs 
A Cys residue was incorporated at the C terminus of the peptide sequence to provide a 
linkage to the gold NP surface. The cysteine residue contains a SH group in its side 
chain which is able to form a gold-thiolate bond with the NP surface [112, 130, 131]. 
The C terminus of the peptide was designed to have a CONH2 functionality so that the 
peptide would have a neutral charge to promote aggregation as disscused in (iii). The 
CONH2 functionality is incorporated by selecting MBHA rink amide resin 
(Novabiochem) for peptide synthesis. 
 
(ii) Substrate for enzymatic hydrolysis 
The central amino acids of the peptide chain are designed so that the peptide is 
specific to the enzyme that is to be detected. The sequence Gly↓Phe (↓ indicates site 
of enzymatic hydrolysis) was chosen as thermolysin exhibits a preference for large 
hydrophobic residues in the P1’ position and is non-specific for P1 residue [132, 133].  
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(iii) Self-assembly directing actuator 
The N-terminal of the peptide sequence was modified with an (Fmoc) group. N-Fmoc-
protected peptides are common intermediaries during peptide synthesis allowing easy 
generation of the Fmoc group on the N terminus [62]. The Fmoc groups can self-
assemble via π−π interactions, which drive aggregation of the peptide 1-NPs.  
 
Based on the above considerations, the peptide sequence selected for proof of concept 
demonstration with thermolysin was Fmoc-Gly↓Phe-Cys-NH2. 
4.2.4 Concept for Protease Sensing 
10 nm peptide 1-NPs produce a blue colour solution as previously shown. The 
hypothesis is that the addition of thermolysin would result in the enzymatic hydrolysis 
of the peptide-NP conjugates, and dis-assembly would occur through a combination 
of electrostatic repulsion between particle bound NH3+ groups and removal of 
hydrophobic interactions between Fmoc groups. The change from an aggregated NP 
assembly to a more dispersed state would then cause the change in colour of the NP 
solution from blue to pinki-ish-red (Figure 4.3). 
 
 
 
 
 
 
Figure 4.3 Schematic representation of the protease-triggered NPs dispersion approach. 
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4.3 Materials and Methods 
General procedures: Gold nanoparticles with a diameter of 10 nm were purchased from 
BBI International (Agar Scientific, UK). Their diameter as measured by TEM (average 
of 100 particles) was found to be 8.5± 1.0 nm. Dipotassium bis(p-
sulfonatophenyl)phenylphosphine dihydrate was purchased from Strem Chemicals 
(MA). Thermolysin and trypsin were purchased from Sigma Aldrich. 
 
Peptide Synthesis: as previously described in section 3.5. 
 
Functionalization of 10 nm NPs with peptide 1: as previously described in section 4.5 
Excess peptide was removed by centrifugation and removal of supernatant prior to 
resuspension of the nanoparticles to initial volume with phosphate buffer (pH8), 0.05% 
w/v Bovine Serum Albumin (BSA), and 100 mM NaCl. 
 
Monitoring enzymatic hydrolysis: All reactions were carried out in disposable plastic 
cuvettes and analysis was done in situ and in duplicate. Thermolysin solutions were 
freshly prepared in 10 mM sodium phosphate (pH8) at the required range of units. UV-
visible spectra were recorded at room temperature following addition of thermolysin to 
peptide functionalised gold conjugates. Spectra were recorded on a Unicam UV-500 
UV-Visible Spectrophotometer over the range 200-800 nm with 1 nm resolution and 
background correction using phosphate buffer, NaCl, and 0.05 % w/v BSA in 1 cm 
path-length polystyrene cuvettes were used.  
 
TEM characterization: as previously described in section 3.5. 
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4.4 Results and Discussion 
4.4.1 Optimising Conditions for Monitoring Protease-
Triggered NP Dispersion 
10 nm peptide 1-NP conjugates were incubated with 250 ng/mL, 43 ng/mL and 4.3 
ng/mL thermolysin at 37 oC and the surface plasmon resonance (SPR) of the NPs was 
monitored using UV-visible spectroscopy from 0 to 6 h. The UV-visible spectra of the 
peptide-conjugates were found to red-shift with all enzyme concentrations. Figure 4.4 
shows the UV-visible spectra of the peptide-conjugates incubated with 43 ng/mL 
thermolysin, which shifted from 565 nm to 573 nm after 6 h. On close inspection, it 
was found that the NPs were stuck to the polystyrene cuvettes. In order to prevent 
non-specific adsorption of the conjugates onto the cuvettes, 0.05% bovine serum 
albumin (BSA) was added to the cuvettes. BSA is commonly added in 
immunohistochemistry reactions to prevent adhesion of enzymes to reaction vessels, 
and is chosen for its lack of effect in many biochemical reactions and its low cost [134, 
135]. 
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Figure 4.4 UV-visible spectra of 10 nm peptide 1-NPs at 0 h (blue) and 6 h (purple) after incubation 
with 43 ng/mL thermolysin at 37 oC. 
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4.4.2 Monitoring Protease-Triggered NP Dispersion with UV-
visible Spectroscopy 
The experiment with the addition of 0.05 % (w/v) BSA was repeated, and noted that 
BSA was successful in preventing the adhesion of NPs on the cuvette. The UV-visible 
spectra of peptide 1-NPs incubated with 250 ng/mL thermolysin showed a blue-shift 
from 0 to 6h, indicating a decrease in the size of NP assembly. After 6 h, the SPR 
peak had shifted from the initial 565 nm to 532 nm indicative of a dispersed NP 
population. A change in the colour of the solution from blue to pinkish-red was also 
seen (Figure 4.6). 
Figure 4.5 UV-visible spectra of 10nm peptide 1-NPs from 0 to 6 h after incubation with 250 ng/mL 
thermolysin at 37 oC.  
 
Figure 4.6 Colorimetric sensing of thermolysin using 10 nm peptide 1-NPs.  Addition of thermolysin 
causes the blue 10 nm peptide 1-NP solution to turn pinkish-red after 6 h at 37 oC. 
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4.4.3 Testing the Specificity of the Peptide 1-NP Dis-
assembly 
To test the specificity of the peptide 1-NP assembly, 250 ng/mL thermolysin was 
added to 10 nm NPs that were functionalised with Fmoc-Gly-D-Phe-D-Cys-NH2, the D-
isomer of peptide 1. Enzymes are known to be stereo-specific for L-isomers [46]. The 
UV-visible spectrum of 10 nm D-peptide 1-NPs showed no shift after 6 h of enzyme 
addition, indicating that there was no dispersion of the NP assembly (Figure 4.7). 
Although the SPR peak changed from 552 nm to 550 nm, this is likely due to 
fluctuations in experimental measurements as the shape of the spectrum remained the 
same.  
 
A control enzyme, trypsin was also used to test the specificity of the peptide 1-NP 
assembly. Trypsin exclusively cleaves peptides with Arg or Lys residues in the P1 
position [124] and is not expected to cleave peptide 1. As expected, 10 nm peptide 1-
NPs incubated with trypsin did not show any shift in the UV-visible spectrum from 0 
to 6 h (Figure 4.8). 
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Figure 4.7 UV-visible spectra of 10 nm D-peptide 1-NPs before (▬) and after (▬) 250 ng/mL of 
thermolysin. 
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Figure 4.8 UV-visible spectra of 10 nm peptide 1-NPs before (▬) and after (▬) 250 ng/mL of trypsin. 
4.4.4 Testing the Sensitivity of the Peptide 1-NP Dis-
assembly and Quantification of Changes in the UV-visible 
spectra 
The sensitivity of the system was tested by incubating peptide 1-NPs with thermolysin 
concentrations ranging from 250 ng/mL to 90 zg/mL. In order to quantify the changes 
seen in the UV-visible spectra, the shift in the SPR peak (λmax) with different enzyme 
concentrations was compared. 
 
The comparison of wavelengths provided data with some limitations: (i) Variations 
due to experimental procedures meant that samples have different starting λmax, (ii) 
there were usually a few wavelengths that had the maximal absorbance, (iii) and 
similar UV-visible spectra shifts of around 30 nm were observed over different 
timescales for the range of thermolysin concentrations tested. The lowest 
concentration of 90 zg/mL of thermolysin produced a shift from 559 nm to 539 nm in 
24 h. The λmax from 0 to 6 h for 250 ng/mL and 43 ng/mL thermolysin are shown in 
Table 4.1. 
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 λmax 
Time / h 250 ng/mL thermolysin 43 ng/mL thermolysin 
0 565 551, 552, 555, 556, 557,559 
1 554, 555, 558 548, 550, 553, 557 
2 543, 544, 545, 547, 551 556, 563 
3 538, 539, 540, 541, 542 560 
4 539, 540, 526, 527, 528 546, 557 
5 537, 538 542 
6 532 535, 538, 541 
 
Table 4.1 λmax of 10 nm peptide 1-NPs as observed by UV-visible spectroscopy when incubated with 
250 ng/mL and 43 ng/mL thermolysin at 37 oC from 0 to 6 h. 
 
To sensitively quantify change in the UV-visible spectra, a ratio A/D was applied to 
all the spectra collected from 0 to 6 h. As previously discussed in chapter 3, the ratio 
A/D is computed by taking the integral of UV-visible spectrum from 550 to 700 nm 
divided by the integral of UV-visible spectrum from 490 nm to 540 nm. The 
percentage change of ∆ ratio A/D is calculated and using this approach, the NP 
dispersion was monitored in real time. The ∆ ratio A/D for 250 ng/mL, 43 ng/mL, 430 
pg/mL and 90 zg/mL of thermolysin from 0 to 6 h is shown in Figure 4.9A. When 
thermolysin concentration was varied over 12 orders of magnitude (250 ng/mL versus 
90 zg/mL), the ∆ ratio A/D is only of 1 order of magnitude difference (Figure 4.8), 
suggesting that the kinetics of the system are limited to enzyme accessibility to the 
surface of aggregates [75]. When 250 ng/mL and 43 ng/mL thermolysin was present, 
the fastest increase in reaction rates were seen from 1 h to 2 h. This is due to the 
higher amount of enzymes present, which were able to break up most of the big 
aggregates at early time points. The lower concentration of 430 pg/mL thermolysin 
showed a more gradual rate of increase of ∆ ratio A/D and 90 zg/mL of thermolysin 
produced a ∆ ratio A/D of 2.25 % due to few enzymes present. 10 nm peptide 1-NPs 
incubated with 90 zg/mL thermolysin produced a shift in the UV-visible spectrum 
from 550 nm to 544 nm after 6 h, and a SPR peak at 543 nm was seen after 24 h 
(Figure 4.10). However, it was noted that a positive detection of  90 zg/mL 
thermolysin was only achieved three out of five times. 
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Figure 4.9 (A) The monitored ∆ ratio A/D from 0 to 6h, (B) 0 to 40 min, for 10nm peptide 1-NPs when 
250 ng/mL (-■-), 43 ng/mL (-●-), 430 pg/mL (-▲-) and 90 zg/mL (-▼-) thermolysin was added at 37 
oC. (B) {(∆ ratio A/D)/ ∆t} at 120 min versus – log[thermolysin] 
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Figure 4.10 UV-visible spectra of 10 nm peptide 1-NPs at 0 h (▬), 6 h (▬) and 24 h (▬) after 
incubation with 90 zg/mL thermolysin at 37 oC. 
4.4.5 Characterisation of Peptide 1-NPs Dis-assembly using 
transmission electron microscopy 
Thermolysin hydrolyses peptide 1 at Gly↓Phe, leaving the species NH3+-Phe-Cys 
bound to the NPs. TEM images of 10 nm peptide 1-NPs 6 h after addition of 250 
ng/mL of thermolysin revealed a well-dispersed population, which is result of 
electrostatic repulsion between NH3+ bound groups and the removal of hydrophobic 
interactions between Fmoc groups (Figure 4.11). 
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Figure 4.11 (A) Schematic representation of the protease-triggered NP dispersion approach. (B) TEM 
image of 10nm gold NPs at pH 8 after functionalization with peptide 1 and (C) following addition of 
thermolysin and generation of 2 [75]. 
4.4.6 Characterisation of Cleavage Products  
Peptide-1 NPs after exposure to thermolysin in the absence of BSA were isolated by 
centrifugation, and the supernatant was analysed using HPLC. HPLC analysis of the 
supernatant showed a single peak when monitored at 290 nm (Fmoc groups). Elution 
time of the supernatant peak was the same as that for Fmoc-gly, confirming the 
presence of Fmoc-Gly as the cleavage products and the site of hydrolysis (Fmoc-
Gly↓Phe-Cys). The supernatant was also sent for mass spectroscopy analysis but the 
spectrum was dominated by fragments of thermolysin. 
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Figure 4.12 (A) HPLC analysis of supernatant of 10 nm peptide 1-NPs after addition of thermolysin. 
(B) HPLC trace of Fmoc-gly in 10 mM KPO4, pH 8. The UV absorbance at 290 nm was monitored for 
presence of Fmoc groups. 
4.4.7 Conclusions 
The proof-of-concept was demonstrated, where a simple and highly sensitive 
colorimetric protease sensor using 10 nm peptide 1-NPs was developed. It was 
possible to monitor protease action using NPs in real-time, which has not been 
previously reported. To our knowledge, this is the most sensitive enzyme detection 
reported to date, which is 106 fold more sensitive than conventional ELISA 
techniques. A comparison of NP-based assays and ELISA-based assays is discussed 
in section 1.4.1.1. The addition of thermolysin caused a change in the colour of the 
solution from blue to red due to the dispersion of the NPs. Dispersion of NPs upon 
enzyme action is due to a dual mechanism simultaneous removal of attractive self-
assembly groups and revelation of repulsive charged groups.  
 
The modular approach can be easily tailored for the detection of medically relevant 
proteases. 
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Chapter 5   Optimisation of Peptide-functionalised Gold 
Nanoparticles for Protease Sensing of Medically Relevant 
Enzymes 
5.1 Introduction 
Proteases play an important role in biological processes such as in the regulating of 
blood coagulation and fibrinolysis which are required for wound healing, and are also 
involved in disease states, such as HIV, Alzheimer’s disease, Hepatitis C, Candida 
infections and pancreatitis [39]. Prostate-specific antigen (PSA) and human neutrophil 
elastase (HNE) are proteases related to prostate cancer [51, 136-138] and lung 
diseases [139-141] respectively, hence the accurate detection and quantification of 
these proteases directly in biological fluids are of great benefit to medicine.  
5.2 PSA and Prostate Cancer 
Prostate cancer is the second leading cause of cancer death in men in the western 
world [142, 143], and since no effective cures are available for the advanced 
metastatic stage of prostate cancer, early detection of the tumours is crucial for 
reducing the mortality rates [137]. Monitoring of PSA levels after radical 
prostatectomy is useful for detecting cancer re-emergence [143] and because PSA is 
also found in the sera of breast cancer patients, the measurement of serum PSA in 
women is currently being explored as a screening tool for breast cancer [144]. 
 
PSA is a 33-34 kDa serine proteinase produced by the prostate epithelium [136], and 
is an important marker for the diagnosis of prostate cancer. The most widely used 
screening test for prostate cancer is a measurement of serum PSA, known as the PSA 
test [136]. A serum PSA measurement of 4 ng/mL is generally considered to be the 
threshold value, above which a prostate biopsy should be performed. The PSA test is 
however limited by its relative lack of accuracy when PSA levels fall between 4-10 
ng/mL [130, 136]. This is because increased PSA is found in patients with an enlarged 
prostate, a condition called benign prostatic hyperplasia (BPH) [145]. 
 
There is active research into increasing the cancer specificity of PSA by 
measurements of the different forms of PSA in circulation [108]. PSA forms 
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complexes with protease inhibitors such as alpha1-antichymotrypsin (ACT), alpha1-
protease inhibitor and alpha2-macroglobulin (A2M) and only a small portion exist as 
free PSA (5-35 %) [146]. Most of the current PSA assays are based on enzyme-linked 
immunosorbent assays (ELISA), which report on the specific formation of PSA 
immune complex. Monoclonal antibodies are used to recognize epitopes on the 
surface of proteins in ELISA [147]. It has been found that the form of PSA secreted 
by prostate cancerous cells are more enzymatically active than those leaking from the 
benign prostate, and the majority of PSA forms complexed PSA. The concentration of 
PSA in circulation that remains enzymatically active is extremely low (0.8 to 2.7 
ng/mL), making quantification of active PSA difficult. Routine measurement of PSA 
using immunoassays also does not directly detect the enzymatic form of PSA [146]. 
 
It is also reported that the proportion of serum PSA-A2M is lower in patients with 
prostate cancer than those with BPH [148]. PSA-A2M is not detected by conventional 
immunoassays because of the encapsulation of the PSA epitopes by A2M [148]. The 
sensitive measurements of enzymatically active PSA and PSA-A2M will thus be able 
to provide insight into prostate metastases and aid in management of prostate cancer. 
5.2.1 Motivation for detecting PSA using peptide-
functionalised gold nanoparticles 
The approach described in chapter 4 of sensing proteases using peptide-functionalised 
NPs is suitable to detect the enzymatic form of PSA and PSA-A2M as (i) enzymatic 
hydrolysis of PSA-cleavable peptides would result in a change in colour of the 
peptide-functionalised NP solution, and (ii) since PSA-A2M are only able to 
hydrolyse low molecular weight substrates, PSA-A2M would be able to cleave the 
small peptides attached to the NPs. 
5.3 Human neutrophil elastase and lung diseases 
HNE is a serine protease that is stored within the primary granules of 
polymorphonuclear neutrophils (PMNs), and is linked to the pathology of acute lung 
diseases such as asthma [139] and bronchiectasis [149]. The activation of PMNs at an 
inflammatory site results in release of HNE which is responsible for degrading 
proteins from the extracellular matrix of the lung, thereby causing lung injury [139, 
140]. Pulmonary disease is the main cause of death in cystic fibrosis patients and it is 
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reported that there is a positive correlation with the amount of active HNE in sputum 
of cystic fibrosis patients with the severity of the lung disease [150]. In a study by 
Vignola et al., they also found that the levels of active HNE in induced sputum 
obtained from asthmatic and chronic bronchitis patients (0.04 to 20 µg/ml) were 
increased compared to sputum from smokers and healthy individuals (0.04 – 2.5 
µg/ml) [139]. The ability to detect HNE in sputum can therefore aid in the diagnosis 
of lung disease.  
5.3.1 Motivation for detecting HNE using peptide-
functionalised gold nanoparticles 
Currently, the detection of HNE is routinely carried out by using a chromogenic 
substrate which is specific for HNE [149]. Enzymatic hydrolysis of the chromogenic 
substrate (methoxysuccinyl-Ala-Ala-Pro-Val-p-nitroanilide) is followed by an 
increase in absorbance at 410 nm due to the release of 4-nitroanilide. The amount of 
active enzyme present can then be worked out using the molar extinction coefficient 
of 4-nitroanilide [149]. 
 
The use of the colorimetric peptide-functionalised gold NPs sensor can potentially be 
tailored for more straight-forward HNE detection by designing a system in which a 
colour change is detected only when the enzyme concentration is above a defined cut-
off value.  
5.4 Scope of this chapter 
Following from the successful demonstration in chapter 4 of “proof-of-concept” 
detection of a protease using peptide-NPs, the aim is to optimise the peptide design by 
investigating the effect of the proximity of enzymatic reaction site on the peptide to 
the NP surface. Using nACT-PSA as the model protease, three peptides which have 
the same nACT-PSA cleavable sequence were designed, but with different number of 
Gly residues between the enzymatic reaction site of the peptide and the gold-
anchoring Cys group (section 5.6.1). Quartz crystal microbalance (QCM) 
measurements were also performed to investigate the adsorption behaviour of 
peptides on a gold-coated quartz crystal, and the subsequent effect of introducing 
nACT-PSA.  
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Using the optimised peptide design, the aim is to modify the peptide sequence to 
detect HNE using peptide-NPs (section 5.6.3). 
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5.5 Materials and Methods 
General: Dipotassium bis(p-sulfonatophenyl)phenylphosphine dihydrate was purchased 
from Strem Chemicals (MA). Unless otherwise indicated, other reagents and materials 
were obtained from Sigma-Aldrich (UK). All solutions were prepared using high-purity 
deionised water (purified on Nanopure Diamond system from Triple Red Laboratory 
Technology, UK). 10 nm gold NPs were purchased from British Biocell International. 
 
Peptide synthesis: Amino acids, MBHA Rink amide resin (0.58 mmol/g) were 
purchased from Novabiochem (UK) and all other reagents for solid phase synthesis 
were obtained from AGTC Bioproducts (UK). Fmoc-Ser-Ser-Phe-Tyr-Ser-Cys 
(peptide 0G), Fmoc-Ser-Ser-Phe-Tyr-Ser-Gly-Cys (peptide 1G), Fmoc-Ser-Ser-Phe-
Tyr-Ser-Gly-Gly-Gly-Cys (peptide 3G), Fmoc- D -Ser- D -Ser- D -Phe- D -Tyr- D -Ser-
Gly-Gly-Gly- D -Cys (D-peptide 3G),  Fmoc-Glu-Ala-Ile-Pro-Met-Ser-Ile-Pro-Gly-
Gly-Gly-Cys (peptide 3) were synthesized using ABI 433A peptide synthesizer using 
FastMoc Chemistry [62].  569 mg of resin was taken for each synthesis for a 0.5 
mmol scale synthesis. The resin was swelled in N-Methyl-pyrrolidon (NMP) for a 
minimum of 12 h prior to synthesis.1.0 mmol cartridges of each Fmoc-protected 
residue was loaded into the peptide synthesizer in the desired sequence. The residues 
used were Fmoc-Ser(tBu)-OH, Fmoc-Phe-OH, Fmoc-Tyr(tBu)-OH, Fmoc-Gly-OH, 
Fmoc-Cys(Trt)-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Ala-OH, Fmoc-Ile-OH, Fmoc-Pro-
OH, and Fmoc-Met-OH. Neutralization was achieved with washes in NMP, tert-amyl 
alcohol and diethyl ether consecutively. Peptide cleavage from resin was performed 
by treating the peptide-resin with treatment with 95 % tri-fluoroacetic acid (TFA), 2.5 
% triisopropylsilane (TIPS), 2.5 % water (H2O) for 2–2.5 h. Peptides were dried 
under a stream of N2 gas. 
  
HPLC: Purification of the crude synthetic peptides was achieved by reversed-phase 
high performance liquid chromatography (HPLC) (Gilson), employing linear 
gradients of 0.1 % trifluoroacetic acid (TFA) / H2O and 0.1 % TFA/acetonitrile. 
Wavelengths of 214 nm and 290 nm were monitored and a flow rate of 13.0 mL/min 
was used for a preparative run. The LDC analytical HPLC system (Thermo 
Separation Products, San Jose, CA, USA) used consists of a ConstaMetric 3500 pump, 
a ConstaMetric 3200 pump, a UV–VIS Spectromonitor model 3100 detector, a 
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Rheodyne model 7125 injector (Cotati, CA, USA) and a Waters 745B integrator 
(Millipore, Milford/CA, USA). This system was coupled to 5-µm, 300 Å, C18 Vydac 
columns (Separation Group, Inc., Hesperia, CA, USA). 
Mass spectroscopy:  Electrospray ionisation (ESI) mass spectroscopy was measured 
using Mass spectrometry (Micromass Quattro II), Chemistry Department, Imperial 
College. Peptides were dissolved in 1:1 acetonitrile/water at 1 mg/mL. For MALDI, 2 
mg/mL sinapinic acid was used as matrix. 
 
Functionalization of NPs with peptides: 10 nm gold NPs (concentrations as received) 
were stabilised with 0.1 mg/mL dipotassium bis(p-sulfonatophenyl)phenylphosphine 
dihydrate for 12 h. The stabilised gold NPs were stable at room temperature over a 
period of months. NaCl was used to precipitate the gold NPs. The solution of NPs was 
then centrifuged, the supernatant pulled off and the NPs resuspended in 10 mM 
potassium phosphate (pH 8), three times to remove the surfactants. All peptide solutions 
were prepared in 1:1 acetonitrile/water. For all peptide-NP conjugates used for 
detecting nACT-PSA, 1 mL of 10 nm NPs (concentration as received) were 
functionalised with 20 µL of 50 µM peptide solutions and 100 mM NaCl, and incubated 
for 19 h. For peptides used for detecting HNE, 1 mL of 10 nm NPs (concentration as 
received) were functionalised with 40 µL of 50 µM peptide solutions and 6 mM NaCl, 
and incubated for 19 h.  
 
Monitoring nACT-PSA and thrombin hydrolysis: Excess peptides from the 
functionalization of NPs procedure were removed by centrifugation and removal of 
supernatant. 10 nm gold NPs were used for all experiments. The conjugates were 
resuspended two times to the original volume in 10 mM potassium phosphate (pH 8) 
and the third time in 50 mM Tris/HCl buffer, pH 8.3, 0.15 M NaCl, 0.05 % w/v bovine 
serum albumin (BSA). nACT-PSA (Scipac Ltd, UK) solutions were prepared in 50 mM 
Tris/HCl buffer, pH 8.3, 0.15 M NaCl. UV-visible spectra were recorded at room 
temperature following addition of nACT-PSA to peptide 0G-NPs, peptide 1G-NPs, 
peptide 3G-NPs respectively. Measurements were repeated three times. Spectra were 
recorded on a Unicam UV-500 UV-Visible Spectrophometer from 200 to 800 nm with 
1 nm resolution and background correction using  50 mM Tris/HCl buffer, pH 8.3, 0.15 
M, 0.05 % BSA. The incubated peptide-NPs with nACT-PSA were kept at 37 oC, 900 
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rpm in a thermo-mixer between measurements. For experiments in which peptide-NPs 
were exposed to thrombin (control enzyme), the supplied thrombin (T7009-
100UN,Sigma-Aldrich, UK) was dissolved in 100 µl of 50 mM Tris/HCl buffer, pH 
8.3, 0.15 M according to manufacturer’s suggestion, and added to the purified 10 nm 
peptide 3G-NPs. 
 
QCM-D measurements: QCM-D measurements were performed using a Q-sense E4 
measurement system (Q-Sense, Sweden), with the help of Mr John Booth (Q-Sense, 
UK), Dr. Anna Laromaine (Imperial College) and Dr Caterina Minelli (Imperial 
College). The QCM-D sensor crystal consisted of a 14 mm diameter, 5 MHz AT-cut 
quartz crystal that was gold coated. The crystals were exposed to ozone for 45 min to 
get rid of any organic materials present on surface before use. The crystals were 
placed in the chamber and MilliQ water was introduced to the chamber at 200 µL/min 
for 30 min, followed by 1:1 acetonitrite/water for 1 h. A steady baseline was acquired 
prior to starting all measurements. All samples were introduced into an axial flow 
chamber (QAFC301) that comprised of a T-loop to thermally equilibrate the sample 
(0.5 – 0.6 mL). The temperature in the chamber was maintained at 20 oC for the 
building of peptide layers on the crystal. All solutions were de-gassed at 40 oC prior to 
introducing to the chamber.  Peptide 3G solutions were prepared in 1:1 
acetonitrile/water (100 µg/mL, 10 µg/mL) and introduced to the chamber at 10 
µL/min. For nACT-PSA hydrolysis, the temperature in the chamber was maintained 
at 37 ± 0.02 oC and 1 ng/mL nACT-PSA solution in 50 mM Tris/HCl, pH 8.3, 0.15 M 
NaCl was introduced into the chamber at a rate of 300 µL/min. Changes in the 
resonant frequency (∆f) and the dissipation factor (∆D) of the oscillator were 
measured simultaneously. 
 
Monitoring HNE hydrolysis: Excess peptides from the functionalization of NPs 
procedure were removed by centrifugation and removal of supernatant. The conjugates 
were resuspended to the original volume two times in 10 mM potassium phosphate (pH 
8) and the third time in 50 mM HEPES buffer, pH 7.4, 0.01 M NaCl, 0.05 % BSA. UV-
visible spectra were recorded at 37 oC following addition of HNE (BIOMOL 
International LP) to peptide 3-NPs and D-peptide 3-NPs espectively. Measurements 
were repeated in duplicates. Spectra were recorded on a Perkin Elmer Lamda 25 
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photospectrometer from 200 to 1100 nm with 1 nm resolution and background 
correction using 50 mM HEPES buffer, pH 7.4, 0.01 M NaCl, 0.05 % BSA. 
 
TEM characterisation: as previously described in chapter 3.5. 
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5.6 Results and Discussion 
5.6.1 Optimisation of peptide design for the detection of 
nACT-PSA using peptide-functionalised nanoparticles  
The proof-of-concept using peptide-functionalised NPs for protease sensing was 
demonstrated in chapter 4. Protease-cleavable peptides containing Fmoc groups as an 
assembly directing actuator were attached to gold NPs through a gold-thiolate bond 
and assembly of peptide-functionalised NPs was achieved through π-stacking of 
Fmoc groups. Introduction of protease results in enzymatic hydrolysis of peptide-NP 
conjugates, and disassembly occurs through a combination of electrostatic repulsion 
between particle bound NH3+ groups and removal of hydrophobic interactions 
between Fmoc groups [75]. It was also shown that the response time for protease 
sensing was likely to be limited to access of enzymes to the peptide substrate.  
 
Since enzymatic hydrolysis of the peptide requires binding of the substrate moiety in 
the active site of the enzyme, the presence of NPs near the site of hydrolysis on the 
peptide may interfere with reaction rates. Other groups have investigated the effect on 
enzymatic reaction rates when the substrate moiety is attached to a ‘spacer’, which is 
a relatively flexible chain to take the site of reaction further from the solid surface [67, 
151]. Halling reported an increase in enzymatic rates of a protease, chymotrypsin 
when oligoglycine chains were used as ‘spacers’ to bring the site of reaction further 
away from a solid support [151].  
 
In this chapter, three peptides, peptides 0G, 1G, 3G were designed which have the 
same nACT-PSA cleavable sequence, but have different number of Gly residues 
between the enzymatic reaction site of the peptide and the gold-anchoring Cys group. 
The nACT-PSA cleavable sequence used is Ser-Ser-Phe-Tyr↓Ser (↓ indicates site of 
enzymatic hydrolysis) which has been reported by Coombs et al. to be highly specific 
for PSA [152]. Peptide 0G contains no Gly residue between the enzyme cleavable 
sequence and Cys residue while peptide 1G and peptide 3G contain one and three Gly 
residues between the enzyme cleavable sequence and Cys residue respectively. The 
structures of peptides 0G, 1G, 3G are shown in Figure 5.1. 
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Fmoc group nACT-PSA cleavable section Spacer Cys residue  
 
Figure 5.1 Design of three PSA-cleavable peptides with different number of glycine residues serving 
as a spacer. 
5.6.1.1 Peptide Synthesis, Purification and 
Characterisation  
Peptides 0G, 1G and 3G were synthesized by solid phase peptide synthesis using 
Fmoc chemistry. 35 mg of the synthesized material was dissolved in 5 mL of 1:1 
acetonitrile/water, and were purified using reversed phase HPLC consisting of linear 
gradients of acetonitrile/water. Due to the hydrophobicity of the peptides, some 
material remained insoluble. For HPLC purification, the amount of acetonitrile was 
varied from 0 to 90 % from 0 to 15 min. The absorbance at 290 nm, indicative of the 
Fmoc group was monitored. 
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5.6.1.1.1 Peptide 0G 
Eluted HPLC fractions of peptide 0G were grouped together as labelled in Figure 5.2. 
Freeze-dried HPLC fractions were analyzed using ESI mass spectroscopy in the 
positive ion mode. Fraction G0-F2 (2 mg) was identified as the correct material for 
peptide 0G (Figure 5.3). [M+] mass of 914 was observed.  Expected [M] = 913. The 
peak at 936 was identified as [M + Na+]. The presence of Na+ is due to presence of 
Na+ in the glassware of the apparatus. The yield for peptide 0G was approximately 
5.7 %. Fraction G0-F1 was identified as fragments of peptide 1G (Appendix, Figure 
A1). Fraction 0G-F3 (1 mg) was identified as fragments of peptide 1G, with some 
impurities from peptide synthesis and/or cleavage from resin (Appendix, Figure A2). 
The amount of material in fraction G0-F4 after freeze-drying was too little (<1 mg) 
for analysis. 
Figure 5.2 HPLC purification of peptide 0G. The absorbance at 290 nm, indicative of Fmoc group was 
monitored. The fractions were grouped according to the elution peaks as labelled. 
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Figure 5.3 ESI-mass spectrum of fraction G0-F2. 
5.6.1.1.2 Peptide 1G 
Eluted HPLC fractions of peptide 1G were grouped together as labelled in Figure 5.4. 
Freeze-dried HPLC fractions were analyzed using ESI mass spectroscopy in the 
positive ion mode.  
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Figure 5.4 HPLC purification of peptide 1G. The absorbance at 290 nm, indicative of Fmoc group was 
monitored. The fractions were grouped according to the elution peaks as labelled. 
 
136/206 
Fraction G1-F2 (2 mg) was identified as the correct material for peptide 1G (Figure 
5.5). Peak at [M] = 971 was observed. Expected [M] = 971. The peak at 993 was 
identified as [M + Na+]. The presence of Na+ is due to presence of Na+ in the 
glassware of the apparatus. The yield for peptide 1G was approximately 8.6 %. 
Fraction G1-F1 (4 mg) was identified to be fragments of peptide 1G (Appendix, 
Figure A3) Fraction G1-F3 was identified as [M + Gly] (Appendix, Figure A4). 
Fraction G1-F4 was identified as [M + Cys – SH] (Appendix, Figure A5).  
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Figure 5.5 ESI mass spectrum of fraction G1-F2. 
5.6.1.1.3 Peptide 3G 
Eluted HPLC fractions of peptide 3G were grouped together as labelled in Figure 5.6. 
The freeze-dried HPLC fractions were analyzed using ToF-Maldi mass spectroscopy 
in the positive ion mode. Fraction G3-F1 (9 mg) was identified as the correct material 
for peptide 3G (Figure 5.6 and Table 5.1). [M + Na+] = 1107 was observed. Expected 
[M] = 1084. The yield for peptide 3G is approximately 26 %. Fraction G3-F2 (3 mg) 
is likely to be fragment [M + 2 Gly – NH2 - 4H] (Appendix, Figure A6, Table A1). 
Fraction G3-F3 (5 mg) is likely to be [M + 2 Gly -6H] (Appendix, Figure A7, Table 
A2).  
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Figure 5.6 HPLC purification of peptide 3G. The absorbance at 290 nm, indicative of Fmoc group was 
monitored. The fractions were grouped according to the elution peaks as labelled. 
Figure 5.7 ToF-Maldi mass spectrum of HPLC fraction G3-F1. 
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m/z peak Fragment 
1107 [M + Na+] 
863 [NH3-Ser-Ser-Phe-Tyr-Ser-Gly-Gly-Cys-
CONH2] 
542 [Fmoc-Ser-Ser-Phe-NH2 – OH – 2H] 
 
Table 5.1 m/z peak assignments for ToF-Maldi spectrum of HPLC fraction G3-F1.  
 
5.6.2 Investigating the specificity of designed peptide-NPs 
for detecting nACT-PSA. 
10 nm gold NPs were functionalised with peptides 0G, 1G and 3G to yield the 
respective populations of peptide-NP conjugates. Each population of peptide-NP 
conjugates showed a SPR peak of 585 nm when monitored by UV-visible 
spectroscopy, confirming the increase in size of NP assembly.  
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Figure 5.8 UV-visible spectra peptide 3G-NPs at 0 h and 6 h after addition of 1 ng/mL nACT-PSA at 
37 oC, pH 8.3. The UV-visible spectrum of peptide 3G-NPs shows a shift in the SPR peak to 540 nm 
after 6 h, confirming that nACT-PSA was able to dis-assemble the aggregated peptide 3G-NPs. 
 
To verify that the peptide-NP conjugates were able to detect nACT-PSA, peptide 3G-
NPs with 1 ng/mL nACT-PSA were incubated at 37 oC, pH 8.3 and the SPR of the 
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peptide 3G-NPs was monitored by UV-visible spectroscopy from 0 to 6 h. It was 
postulated that detection of nACT-PSA would result in hydrolysis of peptide 3G-NPs, 
which would produce a dispersion of NPs and produce a blue-shift in the UV-visible 
spectrum. The UV-visible spectrum of peptide 3G-NPs showed a blue-shift from the 
initial SPR peak of 567 nm to 540 nm, 6 h after addition of 1 ng/mL nACT-PSA, 
which confirmed the successful detection of nACT-PSA by the designed peptide 
sequence (Figure 5.8). 
 
When 1 ng/mL nACT-PSA was added to 10 nm NPs that were functionalised with the 
D-isomer of peptide 3G, a shift from 550 nm to 548 nm was seen in the UV-visible 
spectrum was seen after 6 h (Figure 5.9). The relatively small shift can be attributed to 
fluctuations in experimental conditions, hence the observations indicate that nACT-
PSA was specific for the L-isomer of peptide 3G. To test the specificity of 10 nm 
peptide 3G-NPs, the peptide 3G-NPs was also incubated with 1 ng/mL thrombin, a 
protease present in serum that selectively cleaves Arg-Gly bonds [153]. No shift in the 
UV-visible spectrum of peptide 3G-NPs was seen after 6 h of thrombin addition 
(Figure 5.10), confirming that peptide 3G-NPs were specific in detecting nACT-PSA 
over thrombin. 
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Figure 5.9 UV-visible spectra of 10 nm D-peptide 3G-NPs at 0 h and 6 h after addition of 1 ng/mL 
nACT-PSA at 37 oC. 
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Figure 5.10 UV-visible spectra of 10 nm peptide 3G-NPs at 0 h and 6 h after addition of 1 ng/mL 
thrombin at 37 oC. 
5.6.2.1 Investigating the effect of peptide spacer length 
on rate of nACT-PSA detection 
The effect of introducing Gly residues as spacer groups in the peptide on the rate of 
detecting nACT-PSA was investigated. Peptide 0G-NPs, peptide 1G-NPs and peptide 
3G-NPs, were incubated with 1 ng/mL nACT-PSA at 37 oC, pH 8.3 and the ratio A/D 
was monitored from 0 to 6 h using UV-visible spectroscopy. As shown in chapter 3, 
the ratio A/D is computed by the integral of the UV-visible spectra from 550 to 700 
nm divided by the integral of the UV-visible spectra from 490 to 540 nm (Figure 
3.14). It was shown that the ratio A/D is able to quantify sensitive shifts in the UV-
visible spectrum by taking into account the change in spectral shape over a wide 
region in the UV-visible spectra. All measurements were performed in triplicate. 
 
A blue-shift in the UV-visible spectrum correlates to an increase in ∆ ratio A/D, hence 
the ratio A/D is an indicator of the rate of PSA hydrolysis. To statistically assess 
difference in the ∆ ratio A/D between peptide 0G-NPs, peptide 1G-NPs and peptide 
3G-NPs, a Mann-Whitney U test was used. The statistical analysis was performed 
using the SPSS software package (SPSS Inc., USA). The differences were then 
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deemed significant if the probability of the results occurring by random chance were 
less than 0.05 % (p, 0.005). 
 
The experimental results showed that 1 h after addition of nACT-PSA, ∆ ratio A/D of 
peptide 3G-NPs was significantly different to that of peptide 0G-NPs and peptide 1G-
NPs (p<0.005), whereas ∆ ratio A/D of peptide 0G-NPs and peptide 1G-NPs were not 
significantly different from each other (p>0.005) (Figure 5.11). It was found that 6 h 
after addition of nACT-PSA, ∆ ratio A/D for all peptide-NPs were significantly 
different from each other (p<0.05), (Figure 5.12).  
 
The experimental results showed that the NPs tethered with peptides containing a 
higher number of Gly residues (either 1 or 3) showed higher change in ratio A/D over 
6 h, indicating a greater dispersion of the NP. A four fold increase in reaction rates of 
peptide 3G-NPs compared to the other two peptide-NP population (peptide 0G-NPs 
and peptide 1G-NPs) was seen after 1 h addition of nACT-PSA, whereas a higher 
reaction rate of peptide 1G-NPs to peptide 0G-NPs was only seen from 2 h after 
addition of nACT-PSA. These results indicate that the reaction rates were dependent 
on the length of the peptide tethers and it is likely that Gly residue spacers helped to 
bring the site of hydrolysis further away from the NP surface, facilitating easier access 
of enzyme for enzymatic hydrolysis.  
 
142/206 
                                        
                                        
                                        
                                        
                                        
                                        
                                        
0 1 0 2 0 3 0 4 0 5 0 6 0 7 0 8 0
0
2
4
6
8
1 0
1 2
1 4
1 6
P e p t id e  0 G - N P
P e p t id e  1 G - N P
P e p t id e  3 G - N P
 
 
∆
 A
/D
 r
a
ti
o
 /
 %
T im e  /  m in
 
Figure 5.11 The ∆ ratio A/D for peptide 3G-NPs, peptide 1G-NPs and peptide 0G-NPs after 
incubation with nACT-PSA at 37 oC from 0 to 60 min. Peptide 3G-NPs, the peptide-NP population 
with three Gly residues as spacers showed four times higher ∆ ratio A/D than peptide 1G-NP and 
peptide 0G-NP, peptide-NP population with one Gly residue and no Gly residue respectively.  
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Figure 5.12 The ∆ ratio A/D for peptide 3G-NPs, peptide 1G-NPs and peptide 0G-NPs after 
incubation with nACT-PSA at 37 oC from 0 to 6 h. The peptide-NPs populations with higher number of 
Gly residues as spacers showed a higher ∆ ratio A/D. 
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TEM images of peptide 3G-NPs after incubation with 1 ng/mL nACT-PSA showed a 
decrease in size of NP assembly, confirming dispersion of NPs by nACT-PSA. 
 
 
Figure 5.13 TEM images of (A) 10 nm peptide 3G-NPs and (B) after 6 h addition of 1 ng/mL nACT-
PSA at 37 oC, pH 8.3. 
5.6.2.2 Sensitive Detection of nACT-PSA 
It was shown that peptide 3G-NP that contains three Gly residues as spacers produced 
the highest dispersion, as measured by ∆ ratio A/D for the detection of 1 ng/mL 
nACT-PSA. Using the optimised peptide 3G-NP assembly, a higher than previously 
reported concentration of PSA, namely detection of nACT-PSA at 10 ag/mL was 
demonstrated. An observed ∆ ratio A/D of 4 % was observed from the detection of 10 
ag/mL nACT-PSA, which is three times higher than that of the control, which was D-
peptide 3G-NPs incubated with 1 ng/mL nACT-PSA (p<0.05) (Figure 5.14). The 
detection of 10 ag/mL nACT-PSA produced a shift in the UV-visible spectra from the 
initial SPR peak 589 nm to 587 nm after 6 h (Figure 5.15).  
 
50 nm 50 nm
nACT-PSA
A B
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The ∆ ratio A/D of 4 % is 9 times lower than ∆ ratio A/D when 1 ng/mL nACT-PSA 
was added, even though the concentration was 9 orders of magnitude lower. These 
observations were similar to the observed results when peptide 1-NPs were used for 
the detection of thermolysin (chapter 4.4.4), where the reaction rate of the system is 
limited to enzyme accessibility to the surface of aggregates. 
 
Figure 5.14 Detection of 10 ag/mL nACT-PSA using peptide 3G-NP at 37 oC. ∆ ratio A/D of 4 % was 
observed after 6 h of addition of nACT-PSA. A control experiment was conducted by using D-peptide 
3G-NPs for the detection of 1 ng/mL nACT-PSA. 
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Figure 5.15 UV-visible spectra of 10 nm peptide 3G-NPs at 0 h and 6 h after addition of 10 ag/mL 
nACT-PSA at 37  oC, pH 7.8. 
 
To the best of our knowledge, this is the highest sensitivity published for PSA 
detection. Nam et al. reports a bio-bar-code assay which relies on magnetic micro-
particles that are functionalised with PSA-recognising antibodies, and a population of 
gold NPs that is encoded with DNA. The magnetic micro-particles and gold NPs 
sandwich the PSA target, and the amount of PSA is calculated by dehybridizing the 
DNA from NPs, followed by analysing amount of encoded DNA present using 
polymerase chain reaction [154]. The approach reports a sensitive measurement of 
300 fM to 3aM PSA, though complicated conjugation chemistry is necessary and real-
time monitoring is not possible. Wu et al. demonstrated a label-free assay using 
microcantilevers, where PSA-binding antibodies were covalently linked to a 
cantilever surface, and deflection of the cantilever was monitored [155]. Detection of 
PSA (0.2 ng/mL to 60 µg/mL) was found to induce a change in the surface stress of 
the cantilever, which resulted in deflection of the cantilever. The assay is however 
limited by long detection time, where a time period of 3 to 4 h was needed for the 
cantilever deflection to reach a steady-state value due to the diffusion time scale 
needed for PSA into the fluid cell.  
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Compared to these approaches, the approach reported here is conceptually much 
simpler and real-time monitoring can be achieved once the enzyme is added to the 
peptide-NPs. 
5.6.2.3 Investigation of enzymatic hydrolysis on a 
peptide-functionalised gold surface using quartz crystal 
microbalance. 
QCM-D measurements were performed to study the adsorption behaviour of peptide 
3G on a gold-coated quartz sensor and the subsequent effect of introducing nACT-
PSA. All measurements were performed with the help of Mr John Booth (Q-Sense, 
UK), Dr Anna Laromaine (Imperial College) and Dr Caterina Minelli (Imperial 
College). Quartz crystal microbalance (QCM) is a sensitive mass detection technique, 
in which changes in the resonant frequency (f) of a quartz crystal can be correlated 
with the amount of mass on the substrate surface as a function of time [156]. QCM-D 
is a useful extension of QCM which has the ability to simultaneously measure 
changes in the damping of the crystal oscillation in liquid [73]. This technique is 
important to the development of biosensors by enabling characterization of bio-
interfaces. QCM-D has been used to study the interactions of biomolecules such as 
proteins [157], peptides [73, 158] and cells on coated or non-coated quartz surfaces, 
and the interaction studies of these biomolecule-coated quartz surfaces with another 
biomolecule is also possible. For example, Evans-Nguyen et al studied the adsorption 
of fibrinogen on a quartz crystal and found that the viscoelasticity of an adsorbed 
fibrinogen layer does not change upon addition of thrombin, a protease that catalysed 
fibrinogen to form fibrin [159]. 
 
A gold-coated quartz crystal was used to allow for the attachment of peptide 3G to the 
sensor via a gold-thiolate bond. The changes in the crystal resonant frequency (∆f) 
and the dissipation factor (∆D) of the quartz sensor were monitored when solutions of 
100 µg/mL peptide 3G in acetonitrile/water (1:1) were introduced (Figure 5.16). A 
steady baseline was first acquired using a mixture of acetonitrile/water (1:1) and at 
time = 5 min, peptide 3G solution was introduced into the measurement chamber. 
 
Following addition of peptide 3G, an initial sharp decrease in the frequency was 
observed, indicating a mass increase at the crystal surface due to peptide attachment 
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(Figure 5.16). A slower rate of frequency decrease was seen after time = 15 min as the 
adsorption saturates. The seventh overtone showed a decrease of 14.7 Hz after 40 min 
of peptide 3G addition, which according to the Sauerbrey equation2, corresponded to 
a gain in mass of 309 ± 2 ng/cm2 (Figure 5.16). 
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Figure 5.16 (A) QCM-D measurements of the frequency (seventh overtone) and dissipation (seventh 
overtone) observed when 100 µg/mL peptide 3G was introduced to a gold-coated quartz sensor at 20 
0C. (B) Analysis of frequency (seventh overtone) using Sauerbrey equation. 
                                                 
2 Sauerbrey equation states that ∆f = -n∆m/C where ∆f is the change in frequency, C is the mass 
sensitivity constant = 17.7 ng.cm-2.Hz-1 for a crystal with fundamental resonance frequency of 5 MHz, 
∆m is the change in mass due to bound peptide and n is the overtone number. 
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It is noted that for Sauerbrey relation to be used reliably in liquid-phase molecular 
depositions, there are several criteria to be met. Firstly, the change in mass must be 
small compared to the mass of the crystal, the mass must be evenly distributed and the 
film that is formed must sufficiently rigid to have negligible internal friction [73].  
 
To estimate the surface coverage of peptide 3G, it is noted that peptide 3G has a 
molecular weight of 1084 Da. Based on computer visualisation using 3D Chemdraw 
Ultra 9.0 (Cambridge Soft), the dimensions of peptide 3G can be approximated to 
having a cylindrical shape, with a base diameter between 1.2 nm to 1.3 nm, and the 
longitudinal axis of 2.8 to 3 nm. It is assumed that all peptides are attached vertically 
to the crystal surface via the Cys residue to form a monolayer. Since the tail Fmoc 
group is hydrophobic and relatively bulky, it was assumed that it is not possible for 
Fmoc group to bend towards the surface once the peptide is attached to the surface 
due to steric hindrance between side groups of the peptide backbone. Using 
Avogadro’s number, the theoretical surface coverage of a monolayer of peptide 3G is 
estimated to be between 102 to 159 ± 2  ng/cm2. The measured value of 309 ± 2 
ng/cm2 is approximately two to three times larger than the theoretical monolayer, 
which suggests that a double layer of peptide 3G is formed, possibly with some 
trapped water molecules. The formation of a double layer peptide is in line with our 
previous observations where we have seen that Fmoc-protected peptides were able to 
self-assemble through the aromatic Fmoc groups (chapter 3).  
 
It is known that the Sauerbrey equation was originally derived strictly for mass 
deposition in a gaseous environment, and when applying the relation for liquid-phase 
molecular adsorption, mass increase due to trapped and hydrated water in the 
molecular layer must be taken into account [158]. When the Sauerbrey equation was 
used to calculate masses of adsorbed protein layers such as human serum albumin 
(HSA), haemoglobin and ferritin, a correction factor of 25-30 % was made to account 
for the mass of water bound to proteins [71]. Xu and co-workers have previously 
reported that one molecule of Fmoc-Ala-Ala can form a hydrogel that can trap 
~15000 water molecules [57], hence the measured mass of the double layer of Fmoc-
protected peptide 3G is expected to contain mass from trapped water. 
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A sharp increase in ∆D following addition of peptide 3G at time = 5 min was 
observed, indicating formation of peptide layers, and total ∆D of 1.6 x 10-6, 40 min 
after addition of peptide 3G (Figure 5.16). An increase in ∆D from protein adsorption 
could rise from interactions at the protein/substrate interface, interactions at the 
protein/liquid interface and/or processes within the protein layer such as trapped 
liquid within the layers [71]. Although it is possible that a change in surface 
roughness can increase ∆D, previous studies have shown that for thin (<100 nm) 
protein layers, only trapped water has a significant impact upon such measurements 
[71]. The ∆D observed is likely to arise from the formation of a viscoelastic gel-like 
peptide structure which is strained during oscillation. The shear oscillations cause 
liquid to be pumped in and out of the peptide layers, which produces damping of the 
crystal oscillation. From time = 15 min, the rate of increase of ∆D approaches a 
plateau, which showed that the conformational changes in the peptide layers 
approaches a saturation. The total dissipation shift, ∆D of 10-6 is relatively small, 
indicative of a tightly packed arrangement of molecules [73].    
 
When the concentration of peptide 3G was reduced by ten fold to 10 µg/mL, ∆ f 
(seventh overtone) of -11 Hz gave an equivalent surface coverage of 193 ± 2 ng/cm2 
after 180 min of addition of peptide 3G (Figure 5.17). When a mixture of 
acetonitire/water (1:1) was introduced at time = 240 min, peptides that were not 
attached to the gold surface were removed, and the remaining mass seen was 173 ± 2 
ng/cm2. The surface coverage of 173± 2 ng/cm2 corresponded to formation of a 
monolayer, indicating that formation of peptide multi-layer was concentration 
dependent. ∆D of 0.2 x 10-6 was observed, which was eight times smaller than that of 
the peptide 3G double layer, indicating a more tightly packed arrangement in the 
peptide 3G monolayer.  
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Figure 5.17 Analysis of frequency (seventh overtone) measured by QCM-D using Sauerbrey 
relationship. A mass increase of 173 ng/cm2 was observed 180 min after 10 µg/mL peptide 3G was 
introduced to a gold-coated quartz sensor at 20 oC. A wash of acetonitrile/water (1:1) was introduced at 
240 min to remove any unbound peptides.  
 
Due to less peptide molecules available, the kinetics of forming the peptide 3G 
monolayer also took place over a longer time scale when compared to formation of 
the peptide 3G double layer. For peptide 3G double layer, the surface adsorption of 
the peptide saturated 15 min after addition of peptide, whereas in the case of the 
monolayer, surface adsorption of the peptide saturated after 210 min.  
 
5.6.2.4 nACT-PSA enzymatic cleavage of peptides 
adsorbed on a surface 
The effect of adding 1 ng/mL nACT-PSA to the gold-coated quartz sensor that was 
immobilised with a double layer of peptide 3G at 37 oC was investigated. Following 
addition of nACT-PSA at time = 0, an increase in ∆f (seventh overtone) of 5 Hz of the 
crystal oscillation was measured after 700 min (~12 h), indicating a decrease in mass 
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(Figure 5.18). Using the Sauerbrey relation, the ∆f of 5 Hz corresponded to a mass 
loss of 83 ± 2 ng/cm2, which corresponds to approximately 128 ng/crystal.  
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Figure 5.18 (A) Frequency (seventh overtone) and dissipation (seventh overtone) of quartz crystal 
measured by QCM-D when 1 ng/mL nACT-PSA was added to a gold-coated quartz crystal was 
immobilised with double layer of peptide 3G at 0 min, 37 oC. (B) Analysis of the frequency (seventh 
overtone) using Sauerbrey relation gave a mass loss of approximately 83 ng/cm2 at 700 min after 
introduction of nACT-PSA. 
 
For the double layer of peptide 3G, there are two possible enzymatic sites where the 
enzyme could cleave the peptide layers as shown in Figure 5.19. The mass loss for the 
two possible scenarios was calculated. If all the peptides were cleaved only at the 
enzymatic site furthest from the surface, as indicated by position y in Figure 5.19, the 
lost mass density would be 77 to 120 ng/crystal. This estimated value compares well 
with the measured mass loss of 128 ng/crystal, indicating that cleavage of the peptide 
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double layer is likely to have taken place at the enzymatic site furthest away from the 
surface. The observations suggest that little/no cleavage of the peptide double layer 
took place at position x, which is likely due to limited accessibility of the enzyme. 
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of Fmoc groups
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Gold-coated quartz sensor
S
*
 
 
 
Figure 5.19 Schematic diagram illustrating immobilisation of peptide 3G on a gold-coated quartz 
sensor via a gold-thiolate bond. Peptides were able to self-assemble to form a double layer via π-
stacking of Fmoc groups. The peptide double layer contains two possible sites for nACT-PSA 
hydrolysis.  
 
An increase of ∆D of 1 x 10-7 was recorded over 700 min of 1 ng/mL nACT-PSA 
treatment (Figure 5.18). The value of ∆D indicates that there is little change in 
damping of the crystal oscillation, which indicates that there is little change in the 
viscoelasticity of the peptide layer attached to the quartz surface. Although cleavage 
of peptide 3G by nACT-PSA leaves the crystal surface covered with shorter peptide 
chains, the remaining peptides could still act as a visco-elastic gel-like peptide 
structure, similar to the double layer of peptide 3G prior to addition of nACT-PSA. 
Also, although QCM-D measurements provide information on the rate of enzymatic 
reaction via release of hydrolysis products, it does not give information regarding the 
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homogeneity of enzyme-catalysed surface. Nordgren et al. performed atomic force 
microscopy (AFM) measurements on surfaces immobilised with xyloglucan after 
exposure to enzymatic digestion by plant endo-xyloglucanase TmNXG1, and found 
that an inhomogeneous surface with small islands of undigested substrate was left 
[160]. It is thus possible that nACT-PSA cleavage of peptide 3G double layers would 
take place unevenly over the surface. 
5.6.3 Detection of human neutrophil elastase using peptide-
functionalised gold nanoparticles 
It was shown that addition of Gly spacer groups between the enzymatic cleavage site 
and Cys group of the peptide increases the sensitivity of peptide-NPs when sensing 
nACT-PSA (chapter 5.6.1.3). The results showed that peptide 3G, the peptide that 
contained three Gly residues as spacers produced the highest dispersion of NPs. Using 
the optimised peptide design, the peptide sequence was modified to Fmoc-
EAIPM↓SIPGGGC (peptide 3) (↓ indicates site of enzymatic cleavage), and the use 
of 10 nm NPs functionalised with peptide 3 to detect human neutrophil elastase (HNE) 
was investigated. The sequence EAIPM↓SIP has been previously reported by 
Korkmaz et al. to be highly specific for HNE [140]. 
5.6.3.1 Synthesis, purification and characterisation of 
peptide for detection of human neutrophil elastase 
Peptide 3 was synthesized by solid phase peptide synthesis using Fmoc chemistry. 35 
mg of the synthesized material was dissolved in 5 mL of 1:1 acetonitrile/water, and 
was purified using reversed phase HPLC consisting of linear gradients of 
acetonitrile/water. Due to the hydrophobicity of the peptide, some material remained 
insoluble. For HPLC purification, the amount of acetonitrile was varied from 0 to 90 
% from 0 to 20 min. The absorbance at 290 nm, indicative of the Fmoc group and the 
absorbance at 214 nm, indicative of amide bond were monitored. Eluted HPLC 
fractions of peptide 3 were grouped together as labelled in Figure 5.20.  
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Figure 5.20 HPLC purification of peptide 3. The absorbance at 214 nm and 290 nm, indicative of 
amide bond Fmoc group respectively were monitored. The fractions were grouped according to the 
elution peaks as labelled. The peaks which showed absorbance at both 214 nm and 290 nm were 
analysed by ESI mass spectroscopy. 
 
Freeze-dried HPLC fractions were analyzed using ESI mass spectroscopy in the 
positive ion mode. Only peaks that showed absorbance at both 214 nm and 290 nm 
were analysed. Fraction pep 3B (1 mg) was identified as the correct material (Figure 
5.21). [M] = 1352 and [M + Na+] = 1374 were observed. Expected [M] = 1352. The 
presence of Na+ in the mass spectra was due to presence of Na+ in the apparatus. The 
yield of peptide 3 was approximately 2.9 %. Fraction pep 3A was identified as [M+ + 
Cys – SH + H] (Appendix, Figure A8). Fraction pep 3C was identified as [M+ + Cys] 
(Appendix, Figure A9). Fraction pep 3D was identified as [M+ + Cys – SH] 
(Appendix, Figure A10).  
 
 
 
 
%
 M
o
b
il
e
 p
h
a
s
e
Min
Pep 3A
Pep 3B
Pep 3C
Pep 3D
m
V
o
lt
s
214 nm
290 nm
155/206 
1352
1374
[M] [M + Na+]
 
Figure 5.21 ESI mass spectrum of fraction pep 3B. 
5.6.3.2 Detection of human neutrophil elastase using 
peptide-functionalised gold nanoparticles 
10 nm gold NPs were functionalised with peptide 3 to yield 10 nm peptide 3-NP 
conjugates. 10 nm peptide 3-NP conjugates showed a SPR peak of 572 nm when 
monitored using UV-visible spectroscopy, confirming the increase in size of NP 
assembly. To investigate whether 10 nm peptide 3-NPs were able to detect HNE, 10 
nm peptide 3-NPs were incubated with 1 nM HNE at 37 oC, pH 7.4 and monitored 
using UV-visible spectroscopy from 0 to 6 h. The concentration of 1 nM HNE was 
chosen as HNE occurs in nanomolars concentrations in biological fluids and at the 
surface of cells [141]. It is postulated that detection of HNE would result in hydrolysis 
of peptide 3-NPs, which would produce a dispersion of NPs that would produce a 
blue-shift in the UV-visible spectrum.  
 
The UV-visible spectrum of 10 nm peptide 3-NPs showed a blue-shift from the initial 
SPR peak of 572 nm to 561 nm 6 h after addition of 1 nM HNE (Figure 5.22), which 
confirmed the successful detection of nACT-PSA by the designed peptide sequence. 
The SPR shift corresponded to a change in ratio A/D of 7.7 % (Figure 5.22). The ratio 
156/206 
A/D is previously defined in section 3.8.1.1. The SPR shift of 11 nm is small 
compared to previous results, where detection of 250 ng/mL thermolysin produced a 
blue-shift of 32 nm in 10 nm peptide 1-NPs after 6 h (section 4.42)  and detection of 1 
ng/mL nACT-PSA produced a blue-shift of 27 nm in 10 nm peptide 3G-NPs after 6 h 
(section 5.6.1.2). A likely explanation for the smaller shift seen in 10 nm peptide 3-
NPs could be due to unoptimised conditions used for HNE hydrolysis. The media for 
optimum HNE hydrolysis has been reported to contain 0.75 M NaCl [140], which is 
75 times higher than what was used in the experiments here. It was not able to use 
0.75 M NaCl as the high NaCl concentration caused the NPs to precipitate.  
 
The UV-visible spectrum of the control sample, D-peptide 3-NPs showed no shift after 
6 h of 1 nM HNE addition, indicating that HNE was specific for peptide 3-NPs (L-
isomer), which agrees with the previous observations that detection of thermolysin 
(section 4.43) and nACT-PSA (section 5.6.1.4) was only possible with peptide-NPs 
containing the L-isomer. 
 
TEM images of 10 nm peptide 3-NPs after incubation with 1 nM HNE showed a 
decrease in size of assembly, although small aggregates containing three to four NPs 
were still present. 
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Figure 5.22   (A) UV-visible spectrum and (B) ∆ ratio A/D of 10 nm peptide 3-NPs at 0 h and 6 h after 
incubation with 1 nM HNE at pH 7.4, 37 0C.  
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Figure 5.23 TEM images of 10 nm peptide 3-NPs (A) prior to and (B) after incubation with 1 nM HNE 
at pH 7.4, 37 oC. 
5.7 Conclusions 
The addition of Gly residues to increase the distance of enzymatic site on the peptide-
NPs from the NP surface, was shown to increase reaction rates when detecting nACT-
PSA. The optimised peptide-NPs design was successful in detecting two medically 
relevant proteases, nACT-PSA and HNE, which are markers for prostate cancer and 
lung diseases respectively. To our knowledge, our approach to detect of nACT-PSA is 
the most sensitive approach reported to date. Our approach is also the first example of 
using NPs for the detection of HNE. 
 
The results from QCM-D measurements showed that Fmoc-protected peptides were 
able to attach to the gold-coated quartz crystal and the formation of peptide multi-
layers was concentration dependent. Introduction of nACT-PSA also successfully 
cleaved peptides which were attached to the surface. The results obtained here 
showed that the detection of a medically-relevant protease could be monitored as a 
read-out in electronic signal which can be used for the development of bio-sensors 
based on electronic chip technologies. 
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5.8 Further work 
5.8.1 Further optimisation of peptide design and the 
investigation of nACT-PSA hydrolysis of peptides on a 
surface using QCM-D. 
It is likely that adding more Gly spacers in the peptide design will improve reaction 
rates in detecting proteases. A study could be done in adding more Gly spacers in the 
peptide design to study the effect on reaction rates. The difference in nACT-PSA 
hydrolysis rates on peptides 0G, 1G, and 3G on a surface, with varying enzyme 
concentrations could also be studied with QCM-D measurements. It was shown that it 
is possible to form a monolayer of peptide on the gold-coated quartz crystal sensor, 
from which one is able to monitor the rate of removal of hydrolysis products more 
accurately. Atomic force microscopy (AFM) measurements could be employed to 
characterise the peptide-immobilised surfaces before and after enzyme treatment.  
5.8.2 Further work for the detection of HNE using peptide 3-
nanoparticles. 
A wider range of HNE concentrations could be tested using 10 nm peptide 3-NPs to 
investigate the effect on the dispersion of NPs, and the design could be tailored to 
produce a colour change at a medically relevant cut-off value. 
 
The detection of another protease, proteinase 3 (Pr3) could also be useful in the 
diagnosis of inflammatory disease. Pr3 is a protease found in the primary granules of 
PMNs and together with HNE, are involved in the pathology of inflammatory 
diseases [140, 141]. It is reported that these proteases are expressed in different 
concentrations in biological fluids [141], but the understanding of the contributions of 
HNE and Pr3 to the development of inflammatory diseases has been limited due to 
their similar substrate specificities. Korkmaz et al. has designed peptide sequences 
which are highly specific for either HNE or Pr3 [140], but the incorporation of the 
peptide designs into sensing devices has not been reported to our knowledge. The 
sequence which we have used to detect HNE follows on the work of Korkmaz et al. 
Further work could be done to test the specificity of 10 nm peptide 3-NPs with Pr3 
and to design peptide-NPs which is specific for Pr3. The ability to differentiate these 
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two closely related proteases in a one-pot reaction could be beneficial in the diagnosis 
of inflammatory diseases. 
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Figure A 1 ESI-mass spectrum of fraction G0-F1. 
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Figure A 2 ESI-mass spectrum of fraction G0-F3. 
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Figure A 3 ESI-mass spectrum of fraction G1-F1. 
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Figure A 4 ESI mass spectrum of fraction 1G-F3. 
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Figure A 5 ESI mass spectrum of fraction G1-F4. 
m/z
 
 
Figure A 6 ToF-Maldi mass spectrum of HPLC fraction G3-F2. 
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m/z peak Fragment 
1177 [M + 2 Gly – NH2 - 4H] 
1163 [M + 2 Gly – SH - 3H] 
1107 [M + Na+] 
542 [Fmoc-Ser-Ser-Phe-NH2 – OH – 2H] 
 
Table A 1 m/z peak assignments for HPLC fraction G3-F2. 
m/z
 
 
Figure A 7  Maldi mass spectrum of HPLC fraction G3-F3. 
m/z peak Fragment 
1193 [M + 2 Gly -6H] 
1177 [M + 2 Gly – NH2 -4H] 
1163 [M + 2 Gly – SH -3H] 
1107 [M + Na+] 
542 [Fmoc-Ser-Ser-Phe-NH2 – OH – 2H] 
 
Table A 2 m/z peak assignments for HPLC fraction G3-F3. 
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Figure A 8 ESI mass spectrum of fraction pep 3A. 
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Figure A 9 ESI mass spectrum of fraction pep 3C. 
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Figure A 10 ESI mass spectrum of fraction pep 3D. 
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Chapter 6 Monitoring of Protease Activity on Peptide-
Functionalised Gold Nanoparticles Using Surface-Enhanced 
Raman Spectroscopy (SERS) 
6.1 Introduction 
Raman spectroscopy has been used extensively in chemical and biological analysis as 
target molecules have characteristic features which can be used for identification. For 
the monitoring of biological systems, Raman spectroscopy has advantages over infra-
red (IR) spectroscopy as water molecules show strong IR absorbance but exhibit a 
relatively weak Raman scattering [61]. The attachment of molecules onto metallic 
surfaces such as gold, silver and copper can also be exploited to give Raman 
enhancement of up to a factor of 106, and this phenomenon is known as surface-
enhanced Raman scattering (SERS).  
 
Although the mechanism for SERS enhancement is not fully understood, SERS 
phenomenon is widely explained by two theories, namely the electromagnetic 
enhancement and chemical enhancement. Electromagnetic enhancement occurs when 
localized surface plasmon resonances of the metal substrate contribute to a large 
increase in the local electromagnetic field, thereby amplifying the Raman field of 
molecules attached on the metal substrate [61, 161]. Chemical enhancement is 
achieved when an electronic interaction between the substrate and the adsorbate 
occurs, such as through the formation of a bond. Formation of a bond results in a 
transfer of charge from the metal surface into the analyte, which increases the 
molecular polarizability of the analyte and thus an increase in Raman signal. [61, 161] 
 
Conjugation methods for attaching chemical and biological molecules onto metallic 
substrates have been well developed [4], and SERS is now commonly used in 
monitoring chemical and biological processes such as for sensing enzymes [31], DNA 
[162]  and antigen molecules [163]. A common SERS-based approach for enzyme 
detection involves the use of Raman-active chromophores tags to provide a Raman 
signal. Liu et al. reported the use of a Raman-tagged peptide sequence to detect 
prostate specific antigen (PSA). The amino terminus of the peptide was modified with 
a Raman active molecule (biotin or Rhodamine 19) and the carboxyl terminus 
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contained a Cys group which was used to attach the peptide to a gold-coated 
polystyrene core. Signal of the Raman tag was monitored and detection of PSA 
corresponded in a decrease of signal as PSA hydrolysis of the peptide removes the 
Raman tag from the gold surface [31]. Ruan et al. reported the use of 5-bromo-4-
chloro-3-indolyl phosphate (BCIP) as a substrate to detect the enzyme, alkaline 
phosphatase (ALP), where ALP hydrolysis of BCIP generates a SERS-active BCIP 
dimer. The BCIP dimer was subsequently adsorbed on gold NPs and the rate of 
increase of Raman signal from BCIP dimers was indicative of rate of ALP hydrolysis 
[164]. Moore et al. employed substrates containing Raman-active azo-benzotriazole 
dyes to detect a series of lipases, where detection of lipase resulted in release of the 
Raman-active dye. The Raman-active dye contained N-H groups which provide 
binding to silver NPs, and thus generating a SERS signal [14]. These works amongst 
many others, illustrate SERS as a powerful detection tool, benefiting from rapid data 
collection (seconds to few minutes), high sensitivity (10-9 to 10-15 M) and the potential 
for high throughput data sampling [14]. 
6.2 Scope of this chapter 
In chapter 4 and 5, it was shown that using the developed approach of detecting 
proteases with peptide-NPs, detection of protease results in dispersion of an initially 
aggregated peptide-NP assembly. Strong SERS enhancement via electromagnetic 
enhancement is achieved when the analyte molecule is attached to aggregates of 
metallic NPs [14, 61], and it has been reported that the enhancement is proportional to 
the number of NPs [165]. It is postulated that detection of protease by peptide-NPs 
would result in a decrease in SERS signal, due to a less aggregated peptide-NP 
assembly (Figure 6.1). To our knowledge, this approach of monitoring biological 
systems by exploiting the fundamental mechanism of SERS enhancement has not 
been previously reported. 
  
Electromagnetic enhancement of a molecule decreases with increasing distance, d, 
from the metal surface and the decay of the electromagnetic field is proportional to 
(1/d)3 [161]. Hence, to maximize SERS enhancement, a short peptide sequence, 
Fmoc-Gly-Phe-Cys (peptide 1) was chosen as the analyte molecule to be attached to a 
metallic surface. It was shown in Chapter 4 that peptide 1-functionalised gold NPs 
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were applied successfully in the sensitive detection of thermolysin from Bacillus. 
Thermoproteolyticus Rokko. 
 
Figure 6.1 (A) Schematic representation of the protease-triggered NP dispersion approach using 10 nm 
peptide-1 NPs for the detection of thermolysin. (B) Schematic showing computed intensity of electric 
fields, E, for coupled surface plasmons from gold NPs. 
 
The aims of this work are: (i) to optimize the parameters for SERS monitoring of 
peptide 1 attached to a metal substrate. The different metal substrates investigated are 
40 nm silver NPs, gold nano-rods (15 nm x 50 nm) and gold NPs (10 nm, 20 nm, 40 
nm in diameter). To optimize SERS of peptide 1 on these metal substrates, a 514 nm 
and 633 nm laser are tested for the best signal. (ii) To test if there is a change in SERS 
signal by introducing thermolysin to the peptide 1-conjugated metal nanoparticle 
assembly. (ii) To compare the the sensitivity of the SERS approach to detection using 
UV-visible spectroscopy. 
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6.3 Materials and Methods 
General: Dipotassium bis(p-sulfonatophenyl)phenylphosphine dihydrate was purchased 
from Strem Chemicals (MA). Unless otherwise indicated, other reagents and materials 
were obtained from Sigma-Aldrich (UK). All solutions were prepared using high-purity 
deionised water (purified on Nanopure Diamond system from Triple Red Laboratory 
Technology, UK). 10 nm, 20 nm, 40 nm gold NPs and 40 nm silver NPs were 
purchased from British Biocell International. 
 
Functionalization of gold NPs with peptides: Gold NPs (concentrations as received) 
were stabilized with 0.1 mg/mL dipotassium bis(p-sulfonatophenyl)phenylphosphine 
dihydrate for 12 h. The stabilised gold NPs were stable at room temperature over a 
period of months. NaCl was used to precipitate the gold NPs. The solution of NPs was 
then centrifuged, the supernatant pulled off and the NPs resuspended in 10 mM 
potassium phosphate (pH 8), three times to remove the surfactants. Peptide 1 solutions 
were prepared N,N-dimethylformamide. 20 µL of 50 µM of peptide 1 was added to 
each ml of 10 nm, 20 nm, 40 nm NP solution with 50 µL of 2 M NaCl and left at room 
temperature for 19 h. Excess peptides were removed by centrifuging the functionalized 
NPs and removal of supernatant, and replaced in 10 mM potassium phosphate (pH 8) 
three times. 
 
Functionalization of silver NPs with peptides: 40 nm silver NPs (concentrations as 
received) were centrifuged, the supernatant pulled off and the NPs resuspended in 10 
mM potassium phosphate (pH 8), three times to remove the surfactants. 20 µL of 50 
µM of peptide 1 was added to each ml of silver NPs and left at room temperature for 19 
h. Excess peptides were removed by centrifuging the functionalized NPs and removal 
of supernatant, and replaced in 10 mM potassium phosphate (pH 8) three times. 
 
Functionalization of gold NRs with peptides: Gold NRs with dimensions 15 nm x 50 
nm were prepared using the cationic growth directing agent cetyltrimethylammonium 
bromide (CTAB), by Mr J.W. Stone, supervised by Dr. C.J. Murphy, University of 
South Caroline in collaboration with Dr. C. Schoen, Nanoparts Inc. The preparation and 
characterisation of gold NRs were done with the help of Dr A. Laromaine and Dr C. 
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Minelli, Materials Department, Imperial College. 20 µL of 50 µM of peptide 1 was 
added to each ml of gold NRs and left at room temperature for 19 h. Excess peptides 
were removed by centrifugation of the functionalised NRs at 1500 rpm for 3 h. 
Supernatant was removed and replaced in 10 mM potassium phosphate (pH 8). 
 
SERS monitoring: Analysis of Raman results and measurements were performed with 
Dr R. Maher, in collaboration with Prof. L. Cohen, Physics Department, Imperial 
College. The Raman measurements were taken using a Renishaw RM-2000 CCD 
spectrometer.  This was equipped with a Linkam temperature control stage which 
allowed the temperature of the sample to be controlled.  Spectra were obtained using a 
x100 immersion lens indexed matched to water which was directly immersed into the 
sample resulting in a collection volume of approximately 5 cubic 
microns.  Measurements were taken using a 633nm HeNe laser which delivered 
approximately 5 mW of laser power at the focal point.  For SERS monitoring of 
thermolysin hydrolysis on 40 nm peptide-1 NPs, thermolysin solutions were freshly 
prepared in 10 mM potassium phosphate (pH 8) in the required concentrations. 
Thermolysin solutions were mixed with 300 µL of 40 nm peptide-1 NP solution prior 
to acquisition of Raman spectra. 
 
Monitoring of thermolysin hydrolysis using UV-visible spectroscopy: as described in 
chapters 4 and 5. 
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6.4 Results and Discussion 
6.4.1 Optimisation of parameters for the SERS monitoring of 
peptide 1 
To determine the most suitable parameters for SERS monitoring of peptide 1, peptide 
1 was conjugated to gold NPs (10 nm, 20 nm, 40 nm), 40 nm silver NPs and gold 
nano-rods (15 nm x 50 nm) and monitored with a 514 nm and 633 nm laser. 
6.4.1.1 SERS of peptide 1 conjugated to silver NPs 
Silver has been known to give particularly good enhancement for SERS, as silver 
tends to favour scattering, rather than absorption of light [61]. The same method for 
functionalizing 40 nm gold NPs was used to functionalize 40 nm silver NPs, and the 
UV-visible spectra of silver NPs before and after functionalization of peptide 1 was 
measured. The silver NPs had a SPR peak of 437 nm prior to addition of peptide 1, 
indicating a well-dispersed NP population. No shift in the UV-visible spectrum of 
peptide 1-Ag NPs was seen after functionalization of peptide 1 after 48 h, indicating 
that there was no increase in the size of NP assembly. Little SERS signal was 
observed with either 514 nm and 633 nm laser. Addition of NaCl up to 30 mM NaCl 
did not cause any shift in the UV-visible spectrum and addition of amounts greater 
than 30 mM NaCl resulted in the precipitation of citrate-stabilised silver NPs.  
 
The difficulty in functionalizing peptides to silver NPs is likely due to the tendency of 
silver to undergo oxidation [166], which renders the surface less reactive for the 
attachment of thiols. The silver NPs were therefore determined unsuitable as a 
substrate for SERS monitoring of peptide 1. 
6.4.1.2 SERS of peptide 1 conjugated to gold nano-rods 
The use of gold nano-rods (NRs) as a metal substrate to attach peptide 1 was 
investigated and gold NRs before and after functionalization of peptide 1 were 
characterized using UV-visible spectroscopy and TEM. Gold NRs with dimensions 15 
nm x 50 nm were prepared using the cationic growth directing agent 
cetyltrimethylammonium bromide (CTAB), by Mr J.W. Stone, supervised by Dr. C.J. 
Murphy, University of South Caroline in collaboration with Dr. C. Schoen, Nanoparts 
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Inc. The preparation and characterisation of gold NRs were done with the help of Dr 
A. Laromaine and Dr. C. Minelli, Imperial College.  
 
 
 
Figure 6.2 (A) UV-visible spectra of gold NRs before and after functionalization with peptide 1. (B) 
TEM images of gold NRs before and (C) after addition of peptide 1. 
 
The UV-visible spectrum of gold NRs prior to addition of peptide 1 showed 2 SPR 
peaks at 520 nm and 735 nm (Figure 6.2). The peak at 520 nm corresponds to the 
oscillation of electrons perpendicular to the major rod axis and is referred to the 
transverse plasmon absorption peak (λT) [90]. The peak at 735 nm is caused by the 
oscillation of the free electrons along the major rod axis, and is known as the 
longitudinal surface plasmon absorption peak (λL)  [90]. The functionalisation of NRs 
with peptide 1 produced a red-shift in λT, from 520 nm to 528 nm, and from 735 nm 
to 825 nm for λL (Figure 6.2). The shift in λT is likely due to a change in the dielectric 
medium surrounding the gold NRs as λT is insensitive to aspect ratio of the NRs [90]. 
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The broad λL of 825 nm seen in peptide 1-NRs indicates an increase in the size of 
assembly, although the change is not clearly distinguished in TEM images of gold 
NRs before and after addition of peptide 1 (Figure 6.2). SERS of peptide 1-NRs were 
measured using a 514 nm and 633 nm laser, using 60s integration time. The 
measurement using 633 nm laser was performed using full laser power whereas the 
514 nm laser was performed using a power of 200 mW and distinctive spectral 
features were seen from peptide 1-NRs with both lasers (Figure 6.3). Peak 
assignments are given in Table 6.1. The measurement using 514 nm laser gave higher 
signal and better signal-to-noise ratio as there is more power available. Although good 
SERS signals were seen, the preparation of peptide 1-NRs was very time-consuming, 
and this made it less suitable for the proposed experimental work. In order to remove 
excess peptide after functionalizing, it was necessary to centrifuge the functionalised 
NRs up to 3 h each time for a good pellet to be formed. Attempts to isolate the NRs 
by the addition of Nacl were unsuccessful, as it caused precipitation of Br- stabilized 
NRs.   
Figure 6.3 SERS spectra of (A) peptide 1-NRs monitored using 633 nm laser at full power, over 60s 
integration time and (B) using 514 nm laser at 200 mW over 60 s integration time. 
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Peaks Assignment Reference 
665 C-S stretch [100] 
830 CH2 rock (Phe) [167] 
868 Amide I (C=O) [98] 
1109 CH ring in-plane deformation [98] 
1419 C2H2 deformation [100] 
1439 Gly [167] 
1496 NH deformation [98] 
1582 Ring CC stretch (Phe) [167] 
1649 Amide I (C=O) [98] 
 
Table 6.1 Raman peak assignments for peptide-1 NRs. 
6.4.1.3 SERS of peptide 1 conjugated to gold 
nanoparticles 
10 nm, 20 nm and 40 nm gold NPs were functionalized with peptide 1 and monitored 
in solution using 514 nm and 633 nm lasers. 10 nm peptide 1-NPs showed no signal 
with either laser. 20 nm peptide 1-NPs showed spectral features when measured with 
the 633 nm laser and weak signals when measured with the 514 nm laser (Figure 6.4).  
 
Figure 6.4 SERS spectra of 20 nm peptide 1-NPs using 514 nm laser and 633 nm laser. 
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40 nm peptide 1-NPs measured using the 633 nm laser showed strong spectral 
features with good signal-to-noise ratio but weak signals when measured with the 514 
nm laser (Figure 6.5). From the observations, the SERS enhancement was clearly 
dependent on the size of NPs. Since larger NPs are able to generate a bigger 
electromagnetic field, the electrons of the analyte molecule will be able to interact 
with the electromagnetic field to give a stronger SERS signal. 
 
The excitation of 40 nm peptide 1-NPs gave a stronger SERS signal with 633 nm 
laser than the 514 nm laser as the excitation of 633 nm laser is closer to the surface 
plasmon resonance of the conjugates, which is at 658 nm (Figure 6.5). The photons 
from the laser provided excitation to the surface plasmons of the NPs, and interaction 
of the surface plasmons with electrons from the peptide resulted in greater 
polarization around the peptide, which gave a stronger SERS enhancement [61]. It is 
noted that Raman scattering is a result of inelastic scattering that occurs when light 
(from the laser) polarizes the electron cloud of the molecule to form a short-lived 
virtual state. Since virtual states are not real states of the molecule but are created 
when laser interacts with electrons of the molecules, the energy of these states is 
determined by the frequency of the laser. The Raman peaks assignments have 
therefore been based on previously reported SERS assignments of Cys [100, 168] and 
Phe [100] measured with lasers in the visible region (Table 6.2). Based on these 
observations, 40 nm gold NPs were chosen as the optimal metal particle for 
performing SERS measurements.  
177/206 
 
Figure 6.5 (A) SERS spectra of 40 nm peptide 1-NPs using 514 nm laser and 633 nm laser. (B) UV-
visible spectrum of 40 nm peptide 1-NPs. 
 
 
Peaks Assignments References 
530 S-S [100] 
643 C-S [100] 
765 C-N-C stretch [98] 
835 CH2 rock (Phe) [167] 
1001 Symmetric ring CC stretch (Phe) [100, 167] 
1092 Asymmetric stretch Cα-C-N (Cys) 
CH aromatic ring in-plane deformation 
[100] 
[98, 169] 
1133 Stretch Cα-C-H [100] 
1195 C=O stretch, HCN bend (Cys) [168] 
1587 Ring CC stretch (Phe) [167] 
1654 Amide I [100] 
*Cα denotes C that is attached to the NH2 and C=O group. 
 
Table 6.2 Peak assignments for the SERS spectrum of 40 nm peptide 1-NPs. 
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6.4.2 Monitoring thermolysin with peptide 1-nanoparticles 
using SERS 
6.4.2.1 Selection of Raman peak for monitoring effect of 
thermolysin on peptide 1-NPs 
In order to monitor the effect of adding thermolysin to 40 nm peptide 1-NPs, the 
Raman peaks with a high signal-to-noise ratio were selected. From SERS spectrum of 
40 nm peptide 1-NPs (Figure 6.5), it was observed that peaks at 1092, 1587 and 1654 
cm-1 had the most prominent spectral features. The presence of curvature in the 
baseline of the spectrum underlying peaks at 1587 and 1654 cm-1 indicated 
background fluorescence was present, which could potentially produce artefacts in 
measurements. Based on these considerations, the peak at 1092 cm-1 was chosen to 
monitor the effect of adding thermolysin to 40 nm peptide 1-NPs. 
 
Raman spectroscopy measures the vibrational energy of a molecule, and since the 
degrees of freedom i.e. rotation and translation of the molecule are dependent on its 
structure, each molecule will have its unique finger-print in the Raman spectrum. To 
assign peaks in the spectrum to specific vibrations, theoretical calculations can be 
electronically computed using density functional theory (DFT). For a molecule with N 
atoms, the number of possible vibrations is given by 3N – 6, unless the molecule is 
linear where the number of vibrations will then be given by 3N – 5 [61, 161]. For 
peptide 1 which contains 100 atoms, this gives 294 vibrational states, which would 
demand huge computing power for the DFT calculations. It is also noted that in the 
analysis of Raman spectrum, it is the vibration of a group of atoms that is being 
recorded in the spectrum [61, 161]. Hence, for the SERS spectrum of peptide 1 
(Fmoc-Gly-Phe-Cys), the peak assignments were based on previously reported SERS 
assignments of Cys [100, 168] and Phe [100, 167] and fluorenyl groups [98, 169]. The 
assignment of the peak at 1092 cm-1 will now be briefly explained. 
 
Based on previous reports, the peak at 1092 cm-1 could be due to two contributions: (i) 
an asymmetric stretch from Cα-C-N bond, where Cα is the C atom attached to NH2 
group in an amide bond [100], and/or (ii) CH aromatic ring deformation in the Fmoc 
groups [98, 169]. Podstawka et al., studied the SERS of a range of amino acids 
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deposited on gold colloids using a 647 nm laser and found that the Raman peak at 
1095 cm-1 was only seen in the SERS spectrum of Cys and assigned the peak to the 
asymmetric stretch of Cα-C-N bond. In the experiments here, attachment of peptide 1 
is provided through the thiolate group in Cys. Thus, it is possible that Cα-C-N bond 
from Cys contributes to the signal observed. The bond’s close proximity to the gold 
surface could have resulted in a strong SERS enhancement, which could explain the 
peak’s strong signal-to-noise ratio. 
 
Ong et al. performed DFT calculations on dehydroazepine and found that deformation 
and CH2 twist of the fluorenyl ring corresponded to a Raman peak at 1094 cm-1 [169]. 
The Fmoc group used in the experiments here is structurally very similar to that of 
dehydroazepine, where the C in the ortho position of the fluorenyl group in Fmoc is 
substituted with a N atom. In addition, it is reported that Raman peaks in the region of 
1000 to 1100 cm-1 are largely due to aromatic groups [61], hence it is possible that the 
presence of Fmoc groups could contribute to the peak at 1092 cm-1. 
 
When the SERS spectra of 40 nm peptide 1-NPs was compared with that of 40 nm 
peptide 2-NPs, where the Fmoc group is replaced by an acetyl group in peptide 2, it 
was observed that the peak at 1092 cm-1 was only present in 40 nm peptide 1-NPs, 
which contained Fmoc groups (Figure 6.6).  
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Figure 6.6 SERS spectra of 40 nm peptide 1-NPs (blue) and 40 nm peptide 2-NPs (red) using a 633 nm 
laser. 
 
These observations agree with the peak assignment at 1092 cm-1 to Fmoc group, 
although it does not fully dismiss the assignment of the peak to Cα-C-N bond. The 
UV-visible spectra of 40 nm peptide 2-NPs, showed a SPR peak at 532 nm, which 
indicated a dispersed NP population, in contrast to an aggregated 40 nm peptide 1-NP 
population. Hence, the absence of 1092 cm-1 in the SERS spectrum of 40 nm peptide 
2-NPs could be due to less concentration of peptide under the illumination of the laser 
beam. This argument agrees with previous reports that aggregates of gold NPs are 
able to provide stronger SERS enhancement by generating high localised 
electromagnetic fields compared to dispersed NPs [170].  
 
Importantly, the observations confirmed that the peak at 1092 cm-1  is a feature due to 
40 nm peptide 1-NPs. 
6.4.2.2 Investigating the effect of thermolysin on SERS 
signal of 40 nm peptide 1- nanoparticles 
To test whether a change in SERS signal of 40 nm peptide-1 NPs due to thermolysin 
could be detected, 40 nm peptide 1-NPs were incubated with 250 ng/mL thermolysin 
and the SERS spectrum was monitored using a 633 nm laser. The signal intensity of 
1092 cm-1 at 37 oC and 22 oC over 6 h was compared, and it was observed that there 
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was a faster rate of decrease in signal intensity at 37 oC (Figure 6.7). This is likely due 
to thermolysin possessing a higher activity at 37 oC than 22 oC (the optimum 
temperature for thermolysin is 70 oC [171]).  
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Figure 6.7 SERS monitoring of 40 nm peptide 1-NPs incubated with 250 ng/mL thermolysin. The peak 
intensity at 1092 cm-1 was monitored from 0 to 6 h after addition of thermolysin, at 37 oC and 22 oC. 
 
The sensitivity of the SERS approach to detect thermolysin was tested by incubating 
40 nm peptide 1-gold NPs with thermolysin concentrations 43 ng/mL, 4.3 ng/mL and 
430 pg/mL at 37 oC, and the SERS spectra was monitored using a 633 nm laser. For 
each concentration of thermolysin, 300 spectra were collected over 5 h and each 
spectrum was collected using a static scan centred at 1100 cm-1, using an integration 
time of 60 s. All measurements were collected in duplicate.  
 
For analysis of the SERS spectra, the peak at 1092 cm-1 was corrected for background 
fluorescence by fitting a polynomial regression to the baseline curvature of the graph, 
and subsequently taking the difference between the original spectra and the 
polynomial regression. The resultant peak area is then plotted as a function of time. A 
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linear regression was fitted with all data points, and the gradient of the fit represents 
the rate of disappearance of the 1092 cm-1 peak. As shown in Figure 6.8, it was 
observed that when 43 ng/mL thermolysin was present, the rate of disappearance of 
1092 cm-1 peak was -0.83 ± 0.01.  
 
Control experiments were performed where no thermolysin was present and when 43 
ng/mL trypsin was incubated with 40 nm peptide 1-NPs. Trypsin exclusively cleaves 
peptides with Arg or Lys residues in the P1 position [124], and it was shown in 
chapter 4 that trypsin does not cause dispersion of peptide 1-NPs.  The rate of 
disappearance of peak at 1092 cm-1 for both control experiments gave values around -
0.10 ± 0.02, indicating that this value is the baseline of detection due to experimental 
variation. As aggregated 40 nm peptide 1-NPs were used, the small decrease in 1092 
cm-1 peak could be due to the NPs settling to the bottom of the sample chamber. 
When no thermolysin is present, it is likely that the aggregation of 40 nm peptide 1-
NPs will continue to yield bigger NP assemblies.  
 
It was observed that the rate of disappearance of 1092 cm-1 peak was dependent on 
the concentration of thermolysin, confirming that disappearance of the peak is an 
indicator of enzyme reaction rates (Figure 6.9). It was previously shown that detection 
of thermolysin by peptide 1-NPs results in dis-assembly of peptide-NP conjugates by 
removing Fmoc groups and introducing a positive NH3+ group on the NP-bound 
peptide (chapter 4). Hence, the disappearance of 1092 cm-1 peak is likely due to a 
decreased contribution of Cα-C-N bond to 1092 cm-1 peak due to reduced SERS 
enhancement from a less aggregated NP assembly, and/or a decrease Raman 
contribution from Fmoc group. 
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Figure 6.8 SERS monitoring of 40 nm peptide 1-NPs after the addition of (A) 43 ng/mL and (B) 0 
ng/mL thermolysin at 37 oC. The peak area of 1092 cm-1 was monitored over 6 h and a linear 
regression was fitted to all data points. The gradient represents the combined rates of dispersion of the 
NPs assembly and Fmoc groups removal due to cleavage by thermolysin. 
 
Aggregates of metallic NPs have been known to give stronger SERS enhancement as 
surface plasmons of the NPs can couple to generate strong electromagnetic field 
which produce strong interactions with the analyte molecule. These areas with strong 
localized electromagnetic fields are known as ‘hot spots’, and are frequently found at 
junctions between NPs [61, 161]. Sztainbuch studied the SERS of adenine adsorbed 
on 75 nm gold NPs using an optical excitation wavelength of 632.8 nm, and reported 
that SERS enhancement from aggregates of ~35 NPs showed approximately a two-
fold increase when compared to aggregates of three NPs, and no strong SERS 
enhancement was seen in aggregates of two NPs [165]. It is thus likely that dispersion 
of peptide 1-NPs by thermolysin resulted in a smaller SERS enhancement of Cα-C-N 
bond, which explained the decrease in peak area at 1092 cm-1. Since electromagnetic 
enhancement of a molecule decreases with increasing distance from the metal surface, 
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the decrease in peak area at 1092 cm-1 could also be explained by removal of Fmoc 
group from the NP surface after detection of thermolysin. 
 
It is likely that the observed results are mainly due to electromagnetic enhancement of 
the NPs. Since chemical enhancement results from formation of a bond between the 
analyte and the metal, it can only take place between the first layer of molecules 
interacting directly with the metal surface [61]. Also, it is reported that 
electromagnetic enhancement is responsible for most of the SERS enhancement, 
where enhancement factors of up to 1011 have been reported compared to an 
enhancement factor of 102 by chemical enhancement.  
 
Figure 6.9 Graph showing the rate of disappearance of 1092 cm-1 peak in the SERS spectrum of 40 nm 
peptide 1-NPs as a function of thermolysin concentration. Each data point represents an average of two 
samples. Linear extrapolation approximates an upper detection limit of 4 to 40 pg/mL. 
 
The rates of disappearance of 1092 cm-1 peak for the concentrations of thermolysin 
tested are shown in Figure 6.9. A linear extrapolation suggests that the upper 
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detection limit for this approach is 4 to 40 pg/mL. However, the rate of enzyme 
reactions might not always be linear. When detecting thermolysin using 10 nm 
peptide 1-NPs, measurements using UV-visible spectroscopy (chapter 4) showed that 
a linear rate was only observed when thermolysin was present between 90 zg/mL to 
4.3 ng/mL. When thermolysin concentration was between 4.3 ng/mL to 250 ng/mL, 
an exponential reaction rate was seen. 
 
The lowest thermolysin concentration which we have detected in the SERS 
experiments reported here is 430 pg/mL (10 pM), which has a sensitivity that is 420 
times higher than what Liu et al. reported in their approach of detecting prostate 
specific antigen (PSA) using a peptide-NP hybrid SERS probe [31]. In their approach, 
the amino terminus of the peptide HSSKLQ↓C (↓ indicates site of PSA hydrolysis) 
was modified with a Raman active molecule (biotin or Rhodamine 19), and the SH 
group in Cys residue was used to attach the peptide to a gold-coated polystyrene core. 
Signal of the Raman tag was monitored using a 785 nm laser, and detection of PSA 
corresponded in a decrease of signal as the Raman tag is removed from the gold 
surface [31]. Since different enzymes exhibit different enzymatic activity, the direct 
comparison of the detection limits achieved is not straight-forward. However, the 
approach demonstrated here is conceptually novel as it does not require use of a 
Raman tag. Also, the approach here is much simpler, as conjugation of peptide 1-NPs 
requires less preparative steps than the gold-coated polystyrene spheres used in their 
approach.  
 
In another study, Grubisha et al. reported femtomolar detection of PSA by monitoring 
SERS of a strong Raman scatter called 5,5’-Dithiobis(succinimidyl-2-nitrobenzoate) 
(DSNB) in an immunoadsorbent assay [172]. They employed anti-free PSA 
antibodies that were immobilized on a gold-coated glass surface to first capture the 
target PSA, and then subsequently added gold NPs that were labeled with DSNB and 
antibodies that can recognize the surface-bound PSA. Using a 633 nm laser, their 
results showed that the amount of PSA detected and SERS intensity of DSNB showed 
an exponential relationship when PSA is present between 0 to 6 pg/mL, and the lower 
limit of detection is defined by non-specific adsorption of the labelled NPs. 
Comparison of the two studies clearly showed that the sensitivity of SERS-based 
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detection methods are not only dependent on the target enzyme, but more importantly 
on the design of the experiment. 
 
In the experiments reported here, the response of our decay in SERS signal is likely to 
be controlled by the ease of access for thermolysin to reach the peptide 1-NPs and 
diffusivity of the NPs. 
6.4.2.3 Characterising the effect of adding thermolysin 
to 40 nm peptide 1-nanoparticles using UV-visible 
spectroscopy 
The surface plasmon resonances (SPR) of NPs have been known to contribute 
significantly to SERS enhancement if suitable optical excitation wavelength is used. 
To investigate the change in SPR of 40 nm peptide 1-NPs after addition of 
thermolysin, 40 nm peptide 1-NPs were incubated with thermolysin concentrations of 
43 ng/mL, 4.3 ng/mL and 430 pg/mL at 37 oC, and the SPR was monitored using a 
UV-visible spectrophotometer from 0 to 6 h. In this section, the sensitivity achieved 
using UV-visible spectroscopy is compared with that achieved with SERS. 
 
The UV-visible spectrum of 40 nm peptide 1-NPs prepared using 1 nmol of peptide 1 
shows two SPR peaks at 528 nm and 656 nm respectively (Figure 6.11), which 
indicates that while most of the NPs formed assembled to form aggregates, some NPs 
were still in a dispersed state as revealed by TEM imaging (Figure 6.10).  When more 
peptides were added in attempt to produce a fully aggregated sample, the NPs became 
too aggregated such that re-dispersion after centrifuging was not possible.  
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Figure 6.10 (A) UV-visible spectrum and (B) TEM image of 40 nm peptide 1-NPs prepared using 1 
nmol peptide 1.  
 
Figure 6.11 UV-visible spectra of (A) 40 nm peptide 1-NPs and (B) 10 nm peptide 1-NPs at 0 h and 6 
h after addition of 250ng/mL thermolysin at 37 oC.  
 
When 250 ng/mL of thermolysin was added to 40 nm peptide 1-NPs, the UV-visible 
spectrum showed that the SPR peak at 656 nm shifted to 610 nm after 6 h, and that 
there was a higher intensity ratio of the 528 nm peak to the 656 nm peak (Figure 6.11). 
As the SPR peak at 528 nm represents dispersed particles, no shift in this peak was 
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seen (Figure 6.11). Previously in chapter 4, it was observed that when 250 ng/mL 
thermolysin was added to 10 nm peptide 1-NPs, there was a shift in the SPR peak 
from 565 nm to 532 nm. These observations clearly demonstrated that the response of 
peptide-1 NPs is dependent on the size of NPs. 
 
To quantify changes in the UV-visible spectra when detecting different concentrations 
of thermolysin, the ratio A/D for 40 nm peptide 1-NPs was monitored when 43 ng/mL, 
4.3 ng/mL and 430 pg/mL thermolysin was added from 0 to 6 h. Previously in chapter 
3 and 4, use of the ratio A/D enabled quantification of sensitive changes in 10 nm 
peptide-1 NPs. The ratio A/D is computed by taking the area under the aggregated NP 
plasmon resonance peak (A) divided by that of the area under the single NP plasmon 
resonance peak (D) (Figure 3.14). Since the 10 nm peptide-1 NPs and 40 nm peptide-
1 NPs show different spectral features in the UV-visible spectrum (Figure 3.11), there 
is a need to re-define the regions used for computing ratio A/D ratio for 40 nm 
peptide-1 NPs. The regions used for the computation of ratio A/D for 10 nm peptide-1 
NPs and 40 nm peptide-1 NPs are shown in Table 6.3. As shown in Figure 6.12, 
region D of 40 nm peptide-1 NPs coincides with the SPR peak of dispersed 40 nm 
NPs. 
 
Size of NPs / nm Region D Region A 
10 nm 490 – 540 nm 550 – 700 nm 
40 nm 490 – 560 nm 570 – 700 nm 
 
Table 6.3 Regions in the UV-visible spectra used for the computation of  ratio A/D ratio for 10 nm 
peptide-1 NPs and 40 nm peptide-1 NPs 
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Figure 6.12 UV-visible spectra of dispersed 40 nm NPs (red) and aggregated 40 nm peptide 1-NPs 
(blue). The areas used for the computation for ratio A/D are indicated. Region D (dispersion) spans 
from 490 nm-560 nm and region A (aggregation) spans from 570-700 nm.  
 
The ∆ ratio A/D that was observed when 43 ng/mL and 4.3 ng/mL thermolysin was 
present was 8.6 % and 2.9 % respectively. The detection limit of ∆ ratio A/D was 
determined as that when no enzyme was present, which was found to be 2.5 %. Hence, 
the detection of 4.3 ng/mL thermolysin using 40 nm peptide-1 NPs was close to the 
detection limit when monitoring using UV-visible spectroscopy. In section 6.4.2.2, 
430 pg/mL thermolysin was successfully detected with 40 nm peptide-1 NPs using the 
SERS approach, hence the SERS approach has a higher sensitivity that the UV-visible 
spectroscopy approach. The results with UV-visible spectroscopy showed that 
detection of thermolysin caused a blue-shift in the UV-visible spectrum of 40 nm 
peptide-1 NPs away from the aggregated SPR of 635 nm, which also explained the 
decrease in SERS signal observed as the optical excitation wavelength at 633 nm is 
increasing shifted from the SPR. 
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Figure 6.13 Ratio A/D for 40 nm peptide-1 NPs when 0 ng/mL, 4.3 ng/mL and 43 ng/mL thermolysin 
was added at 37 oC. 
 
The detection limit achieved with 40 nm peptide-1 NPs was a factor of 1011 lower 
compared to when 10 nm peptide-1 NPs were used. This is likely due to a more 
limited access of enzymes when the bigger 40 nm peptide-1 NPs were used. It was 
previously seen in chapter 3 that the NP assembly was bigger in 40 nm peptide-1 NPs 
than 10 nm peptide-1 NPs. The number of peptides attached on a 40 nm NP is also 
~6-19 times more than that on a 10 nm NP, based on the estimations made in chapter 
3. Hence, it is likely that more enzymes will be needed to fully disperse 40 nm 
peptide-1 NPs than 10 nm peptide-1 NPs in 6 h, in accordance with the observations 
reported here. 
6.5 Conclusions 
The parameters for SERS monitoring of 40 nm peptide-functionalised NPs were 
successfully optimized, and it was shown that SERS detection of thermolysin was 
more sensitive than detection using UV-visible spectroscopy.  The SERS results 
demonstrated the potential of tuning the surface plasmon resonance of peptide-NPs 
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for the sensitive monitoring of protease detection, and the design has the potential to 
be tailored to detect other medically relevant proteases. Comparison of UV-visible 
spectroscopy results obtained using 40 nm peptide-1 NPs with that of 10 nm peptide-1 
NPs also showed that the use of the smaller 10 nm enabled detection of lower 
concentrations of thermolysin. 
6.6 Future work 
6.6.1 DFT modelling of peptide 1 and testing of a wider range 
of enzyme concentrations 
Peak assignments in this work were based on previously reported SERS work of 
amino acids. DFT modelling of peptide 1 would provide accurate peak assignments 
and allow a more robust selection of Raman peak for protease detection. Although the 
lowest enzyme concentration we detected using SERS was 430 pg/mL, our results 
suggest that the lower detection limit of the SERS approach is 100 ag/mL. It would be 
interesting to test a wider range of thermolysin concentrations to investigate the 
response of the SERS approach.  
6.6.2 SERS detection of a medically relevant protease 
Peptide-NPs were successfully applied in the detection of medically relevant 
proteases using UV-visible spectroscopy in chapter 5. The peptide-NPs can be 
modified to detect these proteases using SERS, which may benefit from a higher 
sensitivity. The results have shown that while 10 nm and 20 nm NPs were too small to 
give SERS enhancement, and 40 nm peptide-NPs limited the access of enzymes, work 
could be done to investigate the suitability of gold NPs with diameters ~30 nm. 
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Chapter 7 Conclusions 
The strong interest in nanotechnology has driven research focussed on the engineering 
of new nano-materials, as they exhibit interesting quantized properties that are not 
present in the bulk materials. Unique properties such as the surface plasmon band in 
noble NPs are now being targeted for use in biosensing. Also, there currently exists a 
gap between 10-100 nm in the fabrication of small devices when using traditional 
“top-down” or “bottom-up” approaches, and the conjugation of bio-molecules with 
NPs is of this size-scale, and has been looked upon as a means to bridge the size gap. 
Whilst the use of DNA to organise NPs has been widely reported, there are less 
reports of using peptides to assemble NPs. There have been several reports of peptide-
functionalised NP assemblies to detect proteases, but these have been limited as they 
do not lend themselves to real-time monitoring of enzyme action. 
 
In this thesis, the use of Fmoc-protected peptides as tethers to assemble gold NPs was 
explored, and characterised systematically using a wide range of techniques such as 
TEM, DLS, UV-visible spectroscopy, zeta potential, FTIR and Raman spectroscopy, 
and a new particle analysis technique called NTA (chapter 3). Flocculation of NPs in 
ionic buffers has been reported in the literature, and here, stabilisation of NPs prior to 
peptide functionalization was successfully achieved via complexation with phosphine 
ligands. 
 
Peptides were successfully synthesized using solid phase peptide chemistry (Fmoc 
chemistry) and purified using HPLC (chapter 3). The desired peptides were identified 
using mass spectroscopy and characterised using UV-visible spectroscopy, Raman 
spectroscopy, FTIR and fluorescence spectroscopy. Fluorescence spectroscopy of 
Fmoc-protected tri-peptides revealed that π−π interactions took place between 
terminal Fmoc groups and FTIR results indicated formation of a β-sheet peptide 
structure. These observations are in agreement with previous studies on the self-
assembly of Fmoc-dipeptides. Hydrodynamic diameters of peptides in solution were 
measured using DLS and NTA, and the measured hydrodynamic diameters were 
greater than the size of a single peptide strand, which was estimated using computer 
visualization.  
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The attachment of peptides on gold NPs was confirmed using Raman spectroscopy 
and change in zeta potential of NPs. The assembly of gold NPs resulted in a change in 
solution colour from red to blue colour, confirmed by UV-visible spectroscopy. 
Quantification of shifts in UV-visible spectra was performed and aggregation of NPs 
was confirmed by TEM microscopy. The assembly of peptide-NPs was characterised 
in-situ using DLS and NTA, and it was found that smaller NPs were able to self-
assemble faster, likely due to their higher diffusitivity. Measurements using DLS and 
NTA however gave different profiles of particle size distributions, due to a 
combination of the difference in concentrations used and effect of Rayleigh scattering. 
Preliminary results from SAXS showed that peptide-NPs assembled to form higher-
order lamellar structures, which showed large displacement, as would be expected 
from amorphous structures. Displacement values were found to correlate to the size of 
gold NPs, indicating that NPs set the size in the layers. Further investigations using 
SAXS to examine the variation of lamellar structures using different sizes of NPs, ex-
situ and in-situ are likely to give better understanding into the mechanism of peptide-
NP assembly.  
 
Several proteases are involved in diseases states and detection of proteases can be 
useful for disease diagnosis. Proteases are also suitable candidates as biomolecules in 
the development of bottom-up strategies for the fabrication of small devices as they 
are chemo-, regio- and enantio-selective, and work under mild conditions. Peptide-
NPs were successfully used to specifically detect a model protease, thermolysin from 
Bacillus. Thermoproteolyticus Rokko (chapter 4). High sensitivity of the approach was 
demonstrated (90 zg/mL), which is higher than that reported by conventional ELISA 
techniques. The kinetics of protease detection were also found to depend on the access 
of proteases to the peptide substrates. 
 
The peptide-NP assemblies were successfully modified to detect two medically 
relevant proteases, nACT-PSA and HNE, proteases related to prostate cancer and lung 
diseases respectively (chapter 4). Optimisation of peptide design was performed for 
the detection of nACT-PSA, and it was found that using Gly residues as spacer groups 
to bring the enzymatic reaction site further away from the gold surface improved 
reaction rates. The peptide containing three Gly residues was found to give the best 
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reaction rates, and when used in the peptide-NP assembly to detect nACT-PSA, 
higher sensitivity was achieved. Specificity of the peptide-NP assembly was verified 
by use of a control protease, thrombin, which did not dis-assemble the peptide-NPs. 
Peptide-NPs were also used to detect HNE however un-optimised conditions for HNE 
enzyme reactions gave poor sensitivity. Optimised conditions for HNE-catalysed 
peptide hydrolysis were found to result in precipitation of NPs. The findings indicated 
that while the design of peptide-NPs can be conveniently modified to detect different 
proteases, the sensitivity of the system is also governed by the use of appropriate 
conditions. 
 
QCM was used to characterise the immobilisation of the peptides on a gold-coated 
quartz crystal and it was found that a double-layer of peptides was formed (chapter 5). 
From results obtained in chapter 3, it is likely that peptides were able to interact via 
π−π interactions between Fmoc-groups. Dissipation measurements also showed that a 
visco-elastic gel-like peptide assembly was likely to have formed. Furthermore, it was 
found that π−π interactions between Fmoc-groups were dependent on peptide 
concentration, and monolayer of peptide film was achieved by adjusting the 
concentration of peptide. The ability to use a peptide-functionalized quartz crystal to 
detect proteases was tested using nACT-PSA, and it was found that introduction of 
the enzyme resulted in a loss in mass, as expected. Access of enzyme to the reaction 
site of the peptides was likely to be the rate- limiting factor. Although more studies 
would be needed to characterise the response of the system to varying enzyme 
concentrations, the approach demonstrates the possibility for its use as a biosensor, 
since loss in mass can related to presence of enzyme. 
 
The use of metal substrates has been known to give good SERS enhancement. Here, 
several metal substrates (10 nm, 20 nm, 40 nm gold NPs, 40 nm gold NPs, 15 nm x 50 
nm gold NRs) were used to assess SERS of the immobilised peptide. 40 nm gold NPs 
were found to give a good SERS signal, and were used in the detection of thermolysin. 
The detection of thermolysin using SERS demonstrated a novel approach where 
protease-triggered change in aggregation state of NPs was recorded as a decrease in 
SERS signal. The SERS approach was found to be more sensitive than when using 
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UV-visible spectroscopy by an order of magnitude. Modification of the peptide 
sequence could potentially enable detection of a wide range of proteases. 
 
To conclude, the results from the investigations performed in this thesis have several 
important implications: 
 
(i) The use of Fmoc-protected peptides to assemble NPs can be looked upon 
as a convenient method to organise NPs, since Fmoc-protected peptides 
are common intermediaries in peptide synthesis and a wide range of 
physical properties can potentially be incorporated through rational peptide 
design. 
 
(ii) The versatile design of peptide-NPs can be used to detect a wide range of 
medically relevant proteases. The high sensitivity of the approach points to 
interesting applications in detection of diseases, where relevant proteases 
are expected to be present in lower concentrations. The ability to produce a 
colorimetric read-once enzymes are added could lead to design of a 
“yes/no” diagnostic kit.  
 
(iii) Fmoc-protected peptides may potentially also be applied in the 
development of biosensing chips for example using techniques such as 
QCM. 
 
(iv) The SERS approach to monitoring protease action via a change in 
aggregation of peptide-NPs is novel, and can potentially be modified to 
monitor other biological processes. Given the wide range of techniques 
available for conjugating bio-molecules with NPs, and that biomolecules 
have unique chemical signatures, one can think of applying the approach 
to simultaneously detect several molecules. 
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